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ABSTRACT
A laboratory study was made of the errors of miniature
bead thermistors of 5, 10, and 15 mils nominal diameter when
used for the measurement of atmospheric temperature.
Although the study was primarily concerned with the errors
of the thermistors when used in Meteorological rocket sound-
ings between about 70 km and 30 km altitude the results are
also valid for other applications of these thermistors at all
altitudes down to sea level.
Several distinct sources of error are present, and
these have each been discussed and estimates of their mag-
nitude made from laboratory tests. In general, all errors
increase rapidly above about 50 km.
Certain items which had not been fully considered in
previous discussions of this problem hale been shown to be
highly significant. In particular it is found that the lead
wires play an important part in determining thermistor re-
sponse, particularly at high altitude, and that the temper-
ature rise of the thermistor due to solar radiation is strong-
ly dependent on the radiation absorbed by the lead wires as
well as by the bead proper.
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Title: Associate Professor of Meteorology
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CHAPTER 1
INTRODUCTION
1.1 Background to the Problem
The last 25-30 years have seen a continued expansion of
our observations of the upper atmosphere. This expansion
has been characterized by a series of upward and outward
steps in which techniques developed for soundings to a par-
ticular altitude range at a limited number of stations have
been further developed to enable "synoptic" soundings at
more frequent intervals of time and space to be performed.
These latter developments have to a considerable extent been
influenced by requirements of economy and convenience.
Thus the techniques used in a synoptic system do not necess-
arily represent the most sophisticated methods for carrying
out the measurements concerned.
The development of high altitude sounding rockets
since World War II has enabled much information to be
obtained about the atmosphere above the level attainable
with balloons. Because of cost, soundings were at first
limited to rather infrequent firings, but recently mope
economical rockets have been developed which allow study
of synoptic scale phenomena. In 1959 the Meteorological
Rocket Network (MRN) was established. This network,
described by Webb et al (1961,1962), is a cooperative
arrangement of various independent groups which operate
rocket ranges (mostly in North America), under which data
and information is exchanged and firings coordinated in
time. The aim of this network is to obtain data on winds
and temperatures up to an altitude of 60-70 km on a time
and space scale suitable for at least preliminary studies
of synoptic scale phenomena above radiosonde level. A
considerable amount of information has been obtained by the
network since its inauguration. The rockets most used
have been the Arcus and the Loki ; details of these rockets
and their characteristics have been freely published else-
where. (See for example, Ballard (1965)).
Perhaps because of economy considerations, the tele-
metry package for the temperature measurements was made to
be compatible with the GMD-l ground equipment, and the
primary temperature sensor chosen was a 10 mil bead therm-
istor. It was found, however, that temperatures
obtained with this sensor above about 50 km were too high
when compared with other results, such as the sound-
grenade experiments. Subsequently, various workers have
attempted to analyze the errors of these rocketsonde
measurements, with a view to obtaining correction equations
by means of which the validity of the measurements could be
extended to higher levels. The chief contributions in
this respect were those of Barr (1961) and of N.K. Wagner
(1961,1964). The computations of these authors relied
rather heavily on theoretical and/or assumed values for the.
various heat-transfer coefficients involved in the analysis,
because of a lack of published experimental data on the
characteristics of the thermistors. However they did con-
firm that the errors amounted to some tens of degrees near
the upper part of the soundings.
As is the case with many instrumentation problems,
much of the literature concerning the errors of these small
thermistors when used for air temperature measurements is
of a fragmentary nature, being perhaps part of various
unpublished reports which are not easy to find. There
does not appear to be any really thorough treatment of the
subject which takes into account all the pertinent factors.
Further, it is evident from a critical review of this lit-
erature that there are prevalent.a number of serious miscon-
ceptions. These are due to a lack of understanding of the
physical processes involved, and to the neglect of certain
items which in fact turn out to be of major importance.
The present study is intended to be a laboratory
investigation of the various types of- errors to which the
small thermistors used in the rocketsondes are subject.
These thermistors are also being used.for other types of
atmospheric temperature measurements, for example on high
altitude floating balloons, and although the emphasis in
this work will be on rocket soundings it is hoped that the
results will be of much wider application. In addition
to the bead thermistors, some data will be given on the
characteristics of miniature rod thermistors and on the
recently developed "thinistors" which have flat-plate
geometry.
It is unfortunate that a more thorough study of bead
thermistor errors was not made in the earlier stages of
development of the rocketsondes for the MRN, for it turns
out that the altitude to which meaningful corrections can
be applied to existing data is limited, while relatively
minor changes in the mounting and utilization of the sensors
would have very greatly improved the measurements. It is
only very recently that improved types of mountings have
been developed'which reduce one of the major sources of
error - conduction of heat from the rocketsonde body through
the lead wires to the thermistor bead. This new mount has
not yet been adopted by all contributing ranges of the MRN,
but it is obvious from comparisons with other methods that
the results are greatly superior to the previous ones
I r II11Pun Ir11I
5above 50 km. (see Ballard (1966)). Even so, it is not
clear to exactly what extent they are improved, nor is it
clear what the remaining errors may be. There is therefore
still a considerable amount of data being produced whose
accuracy in the upper levels is not known.
It is hoped that the present work will throw some light
on this question, and also provide quantitative data lead-
ing to an improvement in sensor design.
1.2 Errors of Immersion Thermometers
There are many methods available for measuring atmo-
spheric temperature, but the most common method is "immersion
thermometry". In this, the active part of the sensor is
exposed to the air and is supposed to attain the same temp-
erature as the air. The temperature of this part of the
sensor is monitored in some way. It is not proposed in
this work to carry out any comparisons with the other methods
of temperature measurement. As has been noted in 1.1 above,
cost and convenience considerations play a large part in the
choice of sensors for a particular purpose. The inherent
simplicity of immersion thermometry makes it an obvious
contender for a synoptic meteorological sounding network,
because there is the prospect of low or moderate cost, min-
imum restrictions on vehicle design, and relatively short
''Null
time required to carry out a measurement at a given point.
It is not surprising therefore that immersion thermometry
was chosen for the rocketsonde- network. The active part
of the sensor -in this case is of course the bead of the
thermistor. Temperature is deduced from the resistance
of the bead (C/F Chapter 2).
It is well known, however, that immersion thermo-
meters are subject to errors. This is because of the fact
that in addition to the exchange of heat directly with the
surrounding air there are other modes of heat transfer which
cause the equilibrium sensor temperature to be different
from the air temperature. Some of these factors will be
listed below. In general the errors increase with alt-
itude because the convection which causes the sensor element
to approach the air temperature decreases while the other
terms usually do not. If we have some knowledge of these
terms it is possible to deduce the true air temperature
from the sensor temperature by applying an appropriate
correction. It is the uncertainty of this correction
rather than its actual magnitude which determines the use-
fulness of a given sensor in a given situation. Good
design of the sensor will minimize this uncertainty.
Normally, but not necessarily, this is accompanied by
a reduction in magnitude of the error.
NNOW
Fig.1 illustrates schematically the main heat exchange
mechanisms as they apply to a rocketsonde thermistor. Thus,
we have convective heat exchange with the air both direct
to the bead, 1, and to the lead wires, 2, whence some of
this heat reaches the bead by conduction. There is conduct-
ion of heat from the instrument package via the support
posts, 3, long wave radiation exchange between the sensor
and the earth, clouds and atmosphere below the bead, 4,
and between the sensor and the atmosphere above the bead, -5.
Instrument Package
7, 6
7,5 3
7,4 1 2.
FIG.l. Heat Transfer Modes Affecting Thermistor
Bead Temperature.
Long wave radiation exchange between the instrument pack-
age and the sensor, 6, must also be considered, and
short wave radiation, 7, from the direct solar beam as
well as- that scattered by the earth, air, and clouds,
and by the instrument package. Other effects arise from
the self-heating of the bead by the measuring current, 8.
Of these items, only 1 and 2 act benificially in causing
the temperature of the bead to approach that of the air,
the others may be considered sources of error. One must
also be sure that the temperature of the air around the
thermistor is not influenced by the instrument package.
Other errors ensue as a result of the motion of the
dropsonde through the air. Thus, depending on the
lapse rate, the environment is in general changing and
the sensor may not be able to follow these changes with
sufficient rapidity. More important, at the top of the
flight the sensor is ejected with a considerably different
temperature than that of the air and it may fall through
a considerable distance before it attains the air temp-
erature. Since the density at the top of the sounding
is very small the fall velocity of the dropsonde even.
when the parachute is fully deployed may be very high.
There are therefore appreciable errors due to aerodynamic
heating.
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1.3 Environmental Conditions
It is worthwhile at this stage to briefly review the
typical environmental conditions encountered by the sensor
in falling from say 80 km. These are given in Table 1,
which is abstracted from the U.S. Standard Atmosphere, 1962.
TABLE 1. Properties From the U.S. Standard Atmosphere, 1962.
Pressure
mm Hg
7.8 xl1~
4.1 x 102
1.7 x 10~
6.0 x 10l
2.15
8.98
41.5
198.8
760.0
Temp.
0C
-92.5
-53.4
-17.4
-2.5
-22.8
-46.6
-56.5
-49.9
+15.0
Molecules/cc
4.2
1.8
6.4
2.1
8.3
3.8
1.8
8.6
2.5
1014
1015
1015
10 16
1016
1017
1018
10 18
Mean Free Path
cm
4.1 x 1l
9.3 x l02
2.7 x 102
7.9 x l03
7,9, 1-3
2.0 x 103
4.4 x 10~4
9.1 x 105
2.0 x l05
6.6 x 10-6
The first point to notice is that there is a range of 105 in
pressure and about half this in the number of molecules per
cc. Secondly we note that for a 10 mil bead thermistor of
-2
nominal diameter 2.54 x 10~ cm the mean free path is
equal to the thermistor diameter near 60 km. Therefore,
for a large part of the altitude range of interest, the
III
Alt.Geom.
km
80
-70
60
50
40
30
20
10
0
flow of air around the thermistor cannot be treated as a
continuous flow. On the other hand, the region where the
conditions can be considered to be those of free molecule
flow is essentially above the range of the rocket soundings
in question. We are therefore dealing with a transition
region which is very difficult to treat theoretically from
the standpoint of the computation of the heat transfer.
It will be seen later that it is at that altitude where the
mean free path is not small compared to the thermistor
that the rate of heat transfer between the air and therm-
istor begins to fall off rapidly, with consequent increase
in the temperature errors. Thus it is very desireable to
carry out laboratory measurements on the thermistors them-
selves rather than to attempt to use published heat trans-
fer data for similar bodies which may not have been taken
under exactly the same conditions.
Finally, we note that up to the maximum altitude of
70-80 km to be considered there is no diffusive separation
of the constituent molecules. Therefore the kinetic and
molecular scale temperatures are equal and there is no
problem in defining atmospheric temperature. If there
were no errors, an immersion thermometer would indeed
indicate the desired air temperature.
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1.4 Outline of This Work
It is clear that it is virtually impossible to simul-
taneously duplicate in the laboratory all the environmental
conditions of a sounding; various aspects of the problem
must be investigated separately. Because in general the
different sources of error are not independent, we must
have a mathematical model by means of which the interplay
of these processes in an actual sounding can be predicted.
This is possible with a simple system, for example one in
which the thermistor is suspended in the atmosphere by its
lead wires from relatively heavy support posts, well clear
of the instrument package. This is the type of mounting
used on the majority of rocketsondes, and in high altitude
balloon work. Some of the more recent mountings being
tried on the rocketsondes, however, would not lend them-
selves to this type of analysis (see Appendix), and the
extent to which laboratory tests made on these could be
applied to the atmosphere is questionable.
This work will be mostly concerned with thermistors
mounted in the simple "post" manner described above. Not
only has this the widest application, but the results are
readily interpreted in terms of the characteristics of the
thermistors themselves rather than the specific mounting
conditions.
1111 IN 901101111111111111110 1111111
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Chapter 2 will describe the calibration and the
electrical and physical characteristics of the therm-
istors. Chapters 3-10 will consider the laboratory
tests made to investigate the major sources of error.
The relevant theory required for interpretation and
application of these results will be developed and the
results or deductions from the results will be compared
with published data where this is available.
In Chapter 11 the combined results of Chapters 3-10
will be used to discuss the errors of the thermistors
when they are used in the atmosphere, as in a balloon
or rocketsonde sounding. It is only at this stage that
conditions actually prevailing in the atmosphere will be
introduced explicitly, although often these will have
been considered in the design of the laboratory tests.
"II
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CHAPTER 2
CALIBRATION AND PHYSICAL CHARACTERISTICS OF THERMISTORS
2.1 Thermistors
Thermistors are semiconductor devices whose electrical
resistance is a marked function of temperature. They are
available in a very large range of shapes sizes and elect-
rical characteristics, and have very many uses besides
temperature measurement. The most familiar examples to
the meteorologist are the rod thermistors used on the
standard radiosondes.
An important feature of thermistors with respect to
their use in remote or telemetered temperature devices is
their high sensitivity. Thus in a typical case a therm-
istor of resistance 50,000 ohms at 250C might undergo a
resistance change of 2000 ohms or 4% for a 1 0C change in
temperature. This can be compared to 0.36% change per C
for a platinum resistance thermometer. Since a wide range
of "basic" resistances are available it is relatively easy
for an engineer to design such a device with maximum simpl-
icity and reliability.
'WI
2.2 Physical Characteristics
The thermistors studied in this work were mostly bead
thermistors. The beads are more or less football shaped,
with lead wires for the electrical connections extending
from the ends. Some photographs of typical'beads are
given in Fig.2. The size of bead thermistors is normally
expressed by the manufacturer as the diameter in mils,
where 1 mil = 0.001 inch. This diameter refers always
to the smallest diameter of the bead, but it is also only
a nominal figure. These two facts are important, because
some authors have published estimates of thermistor char-
acteristics based on the assumption of a spherical bead
having the nominal diameter. As an illustration of what
can happen due to the departure from sphericity VB-2 shown
in Fig.2 was estimated to have a volume of 1.5 x 10- 5 cm3
and a surface area of 3.0 x l0~3 cm2. The minor diameter
was 2.6 x 10-2 cm which is essentially the nominal diameter
of 10 mils. Yet the volume of a true 10 mil sphere is
0.86 x 10- 5 cm3 and its surface area is 2 x 103 cm2.
Similar variations can arise through variations in the
nominal diameters. Of 10 beads of 15 mils nominal diameter
measured from one manufacturer, the mean diameter (of the
smallest section) was 14.5 mils and the range of variation
from 11.8 mils to 18.3 mils. The corresponding volumes
15
(a) 15 mil bead
(b) 10 mil bead
(c) 5 mil bead
FIG.2. Photomicrographs of Bead Thermistors.
were 1.55 x 10-5 cm3 and 6.0 x 105 cm3, a range of
nearly 4 to 1.
The'bead thermistors studied had nominal diameters
of 5, 10 and 15 mils. In general the smaller sizes showed
the largest departures from sphericity. The 10 and 15 mil
bead thermistors had lead wires of 1 mil diameter platinum-
iridium alloy, and the 5 mil beads had leads of the same
material but 0.7 mil diameter.
The semiconductor material of the thermistors is
sheathed in glass. In many of the beads tested there was
a thin outer coating of vacuum deposited aluminum, the
purpose of which is to reduce radiation errors.
2.3 Electrical Characteristics
The resistance-temperature characteristic of therm-
istors is approximately logarithmic, of the form
loglo RT A - BT.
An empirical relation which is valid over larger temper-
ature ranges is r
loglO RT + b (2.3.1)
where T is the absolute temperature. For the thermistors
studied, a is positive and therefore the resistance
decreases with increasing temperature. Thermistor spec-
ifications usually include the nominal resistance at 250C,
together with tolerance limits for the spread of the
0
actual resistance at 25 C about this.
2.4 Calibration of Thermistors
The calibration of thermistors was carried out in
air at sea level pressure in a commercial environment
chamber. The reason for using air rather than a liquid
bath was to avoid contamination which may have altered
the electrical resistance of the thermistors. At a temp-
erature of -50 C the resistance of typical thermistors is
several megohms and this could be greatly upset by the
presence of electrical leakage. In many cases the beads
were coated with aluminum. The gap in this coating nec-
essary to break the electrical continuity across the leads
is Jthen very small and quite subject to contamination and
resulting electrical leakage.
Some precautions were needed when calibrating in air
because in a large environmental chamber of the type used
the temperature is not uniform. Also there are turbulent
fluctuations inside the chamber and the temperature at a
given point is unsteady. These effects were avoided by
' llMlllMMIM
enclosing the thermistors inside a small copper cylinder,
2 inches in diameter and 2i inches long with closed ends.
This cylinder was suspended by strings in the central part
of the chamber. The high thermal conductivity of the
cylinder ensured uniform temperature of the air within,
and its relatively large mass kept the temperature steady.
The temperature of the copper cylinder was measured
with a copper-constantin thermocouple. One junction was
soldered to the inside of the cylinder wall and the other
kept in an ice bath and the output measured with a Leeds
and Northrup potentiometer. As a secondary check, an
alcohol in glass thermometer was taped to the outside of
the cylinder. This was almost always within 0.20C of
the thermocouple.
By operating the refrigerator or heater of the cham-
ber the temperature was varied from about -500C to +404C.
It was found that satisfactory readings were only obtained
if the chamber temperature was varied in steps, with
plenty of time allowed at each step for the temperature
to become steady. The resistance of the thermis'tor was
measured using a bridge and recording circuit to be describ-
ed in Chapter 3. The measuring current was kept small
enough to avoid electrical heating of the thermistor bead,
which can easily occur especially at low temperatures where
" ' II I1 111 1  '11,111 p I I'IP I
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the resistance is high.
Fig.3 shows plots of the calibration of two Gulton
type X2047 thermistors, G-1 and G-2 .using Logl0 RT
vs 1 coordinates. For these two 15 mil bead thermis-T
tors the relation is seen to hold quite well, but there
is some difference in the slopes.
When purchased in quantity, these small thermistors
show a significant spread of their actual resistances at
250C about the manufacturer's nominal resistance, ±20%
is typical. The manufacturers can provide matched therm-
istors whose resistances at a particular temperature are
within a specified tolerance, but of course the smaller
this tolerance is the greater the cost. Assuming that a
universal calibration is not practicable, the'next best
would have been to have a standard calibration curve
which could be adjusted to each thermistor by making a
single dalibration check at say room temperature. This
is the procedure used with the standard radiosonde rod
thermistors. For example, if in the relation (2.3.1)
the value of a did not vary between thermistors of a
given type one could merely adjus.t b by a single observ-
ation and obtain a calibration valid at all temperatures.
Since a defines the slopes of the curves in Fig.3,
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it is seen that this procedure cannot be applied with suit-
able accuracy. Thus, if a curve having the same slope
as G-1 in Fig.3 is matched to- the calibration of G-2 at
250C, the calibration would be in error by about 40 C at
-500 Cand presumably greater at the temperatures of -700C-
or so expected in.the rocket soundings.
To avoid this type of error it is necessary for indiv-
idual thermistors to be calibrated at more than one point.
This entails significantly increased cost as well as some
loss of convenience in the reduction of data. It is prob-
able that in the future the thermistors can be made in
quantity with the slope, a, constant. At present one
can obtain at considerable extra cost matched sets of a
small number of thermistors which accurately track the
same temperature-resistance curve over a specified range,
but these are probably selected by trial from a batch of
standard thermistors. The Bendix-Friez company have devel-
oped a small 10 mil diameter rod thermistor for upper atmo-
spheric work which they claim can be made to have much more
closely controlled calibration characteristics than the
small beads. Some characteristics of these rods will be
discussed later.
Similar calibration plots to those given in Fig.3
have been made for other types of thermistors. For some
22
the Log10 RT = + b relation did not hold over the fullT
range of +400C to -504C, there being a slight increase
in slope at temperatures below about -250C. For these
types, calibrations at several points over the range would
be necessary. As expected, different thermistor types
exhibited different slopes.
2.5 Stability of Calibration
In the early days of development, some thermistors
suffered from the serious disadvantage that their resist-
ance-temperature calibrations tended to drift or jump
appreciably. This was often associated with mechanical
or thermal shocks. More recent thermistors appear to be
somewhat improved. In a test of the stability of therm-
istors for low temperature measurement, Sachse (1962)
subjected small glass encapsulated thermistors to repeated
0 0
thermal cycling between 90 K and 300 K. He reported
calibration drifts of up to a few tenths of 1 C after the
first 500-1000 cycles and much smaller drifts thereafter.
On the other hand Droms (1962) observed drifts of from
0.30C to over 50C in small (14 mil) glass coated bead
thermistors over a period of 90 days when stored at temp-
eratures of 1000C and 2000C. The drift of 43 mil glass
coated bead thermistors over the same time was less than
0.06 0C when stored at 100 0C.
The author has not carried out a detailed study of
this problem, but one of the 15 mil bead thermistors was
checked at room temperature against a thermocouple 4 or
5 times over a period of 4 months and there was no change
in calibration within the accuracy of the tests (about
0.30 C). No calibration jumps were noticed with any of
the many other thermistors used in the course of this
investigation, although they were not specifically look-
ed for. It is probable that thermistors stored at room
temperature are relatively stable - nevertheless a pre-
flight calibration check as in standard radiosonde pract-
ice would seen desireable.
2.6 Utilization of Thermistor Calibrations in this Work
In the major part of the work to be described, the
important item was a temperature change rather than the
actual value. Also, the majority of the tests were-
carried out at room temperature. The temperature changes
ranged from tens of degrees down to tenths so there was a
problem in having a single calibration curve plotted on a
large enough scale to accurately cover this range.
The procedure adopted was to plot the calibration
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points on a log RT vs scale on large (20" x 18")
sheets of prepared graph paper. A straight line was
fitted by eye to the calibration points between about
-100C and. +400C, and two points on this line used to
determine the constants a and b. From these, RT,T
pairs were computed at 100C intervals from 00C to +500C
and these were replotted to obtain a series of calibrat-
ion curves for each 100C interval as illustrated in
Fig.4 for the thermistor G-2. For evaluation of very
small temperature differences it was more convenient to
use the function d. This was very simply calculated
from
dT- 2  
(2
dR - 2.303 a RT
AT dT
Then AT ( ) . ARdRT mean
The curve corresponding to G-2 is given in Fig.5.
Calibration curves for all the thermistors tested
were constructed in this way, except that in a few cases
where two or three thermistors of the same type were to
be tested only one was actually calibrated in the chamber
and the quantity b was adjusted to match the calibrat-
ions of the remainder at room temperature. For temper-
ature differences, the error involved in assuming the
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same slope is at most a few percent.
Since they are of no intrinsic interest, the other
calibration curves are not included in this work.
,27
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CHAPTER 3
SOLAR RADIATION ERRORS
3.1 Theoretical Temperature Rise of an Irradiated Thermistor
The error produced in an immersion temperature sensor by
the heating effect of the sun's radiation is one of the most
important. In the majority of applications of the small
thermistors studied in this work no radiation shields are
employed, for a number of reasons. Instead, attempts are
made to minimize the error by the application of reflective
coatings to the thermistor bead. Before describing the var-
ious laboratory tests used in investigating this problem it
is convenient to derive an expression for the temperature
rise of a thermistor when subjected to a uniform parallel
beam of radiation, in terms of physical properties of the
thermistor.
Consider radiation in the form of a uniform beam of
-2 Iintensity J watts.cm- impinging normally on a thermistor
bead and its leads, as shown in Fig.6. We shall first
compute the equilibrium temperature distribution alongthe
leads when the convection terms are held constant.
The heat'balance for the element dx of this lead wire
HEm
24-d r dx
dx +-
d
FIG.6 Heat Balance of Section of Thermistor Lead.
can be written
dQ -2 irrh (T'- T)dx + 2 E Jr dx (3.1.1)w w sw
where r is the wire radius, h the convective heat-
transfer coefficient for the wire, Tw and T the temp-
eratures of the wire and air,, and 6 the fraction ofsw
the intercepted radiation absorbed by the wire.
The heat flow in the wire, Q, is related to the
thermal conductivity k and the wire's cross-section
111111111110~
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area aw by
dT
Q=-ka - ' ~ (3.1.2)w dx
After differentiating (3.1.2) w.r.t. x and substituting
the result in (3.1.1), the differential equation
2 2S+ q (3.1.3)
dx
results in which p = (2h/kr)7, q = 2 6 J/rrk,
and we have written 8 a Tw- T.
Since they are so heavy by comparison with the ther-
mistor, the support posts will respond very much more
slowly' to the radiation than the thermistor and in general
will differ in temperature from the air. Let be the
temperature excess at the support post, x = 0, and e2
that at the bead, x = d. Then the temperature distrib-
ution along the lead wires is given by
cosech pd(2~ lcosh pd) sinh px + lcosh px
(3.1.4)
q qHere, a-- =Tw- qTp pT
Turning our attention to the heat balance of the
bead, which is assumed to have uniform temperature, we
I IRIR MMENOMW
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note that the heat loss is given by
2ka (d ) + hTAT9
w d~x d TT2
where hT, AT are the heat transfer coefficient and the
total area of the bead respectively. Neglecting heating
due to the measuring current, the heat balance condition
for the bead is given by
2ka () + h A 6 A' 315w2 d x=d TT 2 sTAT (3.1.5)
Here, P is the fraction of the radiation absorbed by
the cross-section area A'T of the thermistor bead.
Note that both Esw and 6 refer to average reflect-
ivities, i.e. they include any variation of reflectiv-
ity with angle of incidence and with wavelength.
From (3.1.4),
( )x=d p eisinh pd + p coth pd(' 2 ~ lcosh pd)
(3.1.6)
To obtain the temperature rise due to the radiation we
first find the equilibrium bead temperature e2 0. in the
absence of .radiation. This is done by setting q = 0
and J = 0, combining equations (3.1.5) and (3.1.6),
and solving for 92'
I II1 E,
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Thus,
2ka p cosech pd
20 A ThT + 2ka p coth pd (3.1.7)
The desired ex-pression .is then obtained by substituting
for (d) in (3.1.5) from (3.1.6) and making use ofdx x=d
(3.1.7). The result is
(2kawq/p)(coth pd - cosech pd) + J e A
2 ~920 ~ .. ATh + 2kawp coth pd
(3.1.8)
It is seen that the temperature rise of the thermis-
tor bead under radiation depends on a number of factors,
each of which must be considered when conducting labor-
atory investigations.
If we were to put in typical values for the various
quantities in (3.1.8) we would find that the contribution
to the temperature rise due to the radiation falling on
the lead wires is of the same order as that due to the
radiation intercepted by the bead. This is clearly dem-
onstrated in the experimental results given below, the
effect being greater at higher altitudes than at sea
level. This fact appears to have been overlooked or
treated rather lightly in previous discussions of the
problem.
'111100 - -
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It is instructive at this stage to note briefly the
form of the temperature distribution along the lead wires
This is readily obtained from (3.1.4) after using (3.1.8).
Fig.7 shows the results computed for a typical bead therm-
istor having 1 mil diameter platinum-iridium lead wires
each 1 cm long. The three curves have been plotted for
heat-transfer coefficients which correspond approximately
to conditions at sea level, 60 km and 85 km, and the
radiation intensity has been normalized to give a.10C
temperature rise in each case. The supports are taken
to be at the air temperature. At lower levels the bulk
of the wire assumes an intermediate temperature and the
thermistor temperature rise is not affected significantly
by the length of the leads, provided this is greater than
some minimum length. As the air density decreases, more
and more of the lead length becomes involved and event-
ually direct conduction of heat to the supports through
the leads dominates the system.
Examination of (3.1.8), with typical values substit-
uted, shows that if the lead length d is sufficiently
great, the radiation error e2- 920  is practically inde-
pendent of the actual lead length and of the support post
temperature. Thus, letting pd.-*oo we obtain
mill
1-0
Distance Along Lead From Support, cm.
FIG 7. TEMPERATURE DISTRIBUTION ALONG LEAD WIRES
OF IRRADIATED THERMISTORS AT DIFFERENT ALTITUDES.
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20 0
2ka q/p + J LsTA'T
82 AThT + 2kawp
Recalling that p = (2hw/kr) , q 2 ewJ/rrk
2
and a = ir2 this can be written as
2Ai6 r2k h + A'
9= sw w sT T (3.1.9a)
2ffiCk-Tr 2h + hT A T
However for most purposes it will be more convenient to
work with the variables of (3.1.9). These equations give
the true radiation error of the thermistor when the lead
length has been made sufficiently long to remove the effect
of the support post temperature. If the lead length d
is small, the temperature( rise is smaller than that given
by the above equation, but this is not an improvement,
for it merely reflects the fact that the temperature of the
bead is being influenced by the supports. This "conduct-
ion error" will be discussed further in Chapter 5. Here
we shall merely point out that the minimum lead length
necessary to sufficiently isolate the bead temperature
from the support temperature increases with altitude.
The behaviour of (3.1.8) when the convective heat
transfer terms approach zero is also of interest. The
limiting case, when hw= 0 and hT= 0 is readily derived
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by an independent analysis, or it may be obtained from
(3.1.8) by the use of two successive applications of
de L'Hospital's rule.
Thus,
-qd + J A
T -a T =sT (3.1.10)
bead supports 2kaw/d
Fig.8 shows the results of computations of this quantity for
various lead wire lengths and various thermistor effective
diameters. The latter are defined so that A =T CrT2
(C/F section 2.2), the lead wire material is 1 mil platinum-
iridium wire, and a reflective coating is assumed on the
thermistor such that sT esw C 0.1.
It is seen that although the temperature rise is sig-
nificantly dependent on the bead size, this dependence is
not as marked as the dependence on the lead length. The
2latter enters as d2. These observations are of interest
in the interpretation of the experimental tests to be de-
scribed below, where we have reduced the air pressure to
vanishingly small amounts. However the exact conditions
described by these equations can never be realized because
in-them no account was taken of heat losses by infra-red
radiation. The modifications, described below, show
significant departures from this simple theory for lead
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lengths greater than about 0.7 cm in a typical case,
but the general behaviour is similar to (3.1.10).
3.2 Outline of Experimental Tests
As shown in equation (3.1.8), the radiation error
depends on a number of factors. To predict the perform-
ance of a given thermistor in an actual temperature sound-
ing we need to know all of these factors, for in general
mounting, exposure and environmental conditions will
differ somewhat from those used in any laboratory tests.
Also, we want to be able to estimate the effect of vary-
ing some of the parameters.
Many of the parameters are geometrical, (for example
the cross-sectional area A' of the bead), and can be
measured directly. The remaining ones are h,, hT' Ssw'
GsT, and k. k is available in handbooks, although it
can also be deduced from simple measurements as shown in
Chapter 5. Values of the Uusselt number for cylinders,
from which h, may be obtained, are available in the lit-
erature on heat transfer for a wide range of conditions,
although not necessarily the exact ones in which we are
interested. Nusselt numbers for spheres are also avail-
able, but to a more limited extent. However, the wide
Iill
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departures from sphericity of many thermistor beads, and
the fact that both of these Nusselt numbers depend to some
extent on surface conditions in the pressure range of inter-
estmake it preferable to deduce the heat transfer coeffic-
ients from measurements on the thermistors themselves if
possible. sw sT depend on the nature of the re-
flective coatings (if any), applied to the thermistors and
are therefore of basic interest to this study.
The basic test was to expose the thermistors to a beam
of radiation of known intensity, under controlled conditions
so that the support post temperature and the long-wave rad-
iation environment (see below) were known. The pressure
was varied to simulate different altitudes and the temper-
ature rises due to the radiation observed as a function of
pressure. No provisions were made to simultaneously sim-
ulate the temperature appropriate to a given pressure alt-
itude, nor to simulate the motion of the thermistor through
the air, as in a rocketsonde descent. The temperature
effect, which is discussed in Chapter 10, is minor comp-
ared to that of the pressure variation. The effect of the
motion has been studied separately and is discussed in
Chapter 8. We will note here that this is negligible
above a pressure altitude of about 50km for these small
thermistors, but is considerable at sea level.
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This test was broken up into two parts, to enable the
separate contributions- due to radiation falling on the bead
and the lead wires to be studied. In the first part the
radiation was allowed to fall uniformly on both the bead
and the whole of the thermistor leads. In the second part,
the radiation was confined to the bead and only a very short
section of the lead wires adjacent to it. Ideally, of
course, the radiation would have been confined to the bead
alone, but this was not practicable with beads of such
small size. An equation to describe the temperature rise
of the thermistor bead under the conditions of the second
part may be derived in an analogous manner to equation
(3.1.8), by making use of the fact that the temperature
and heat flow in the wire must both be continuous at the
boundary of the irradiated section. The result is
1 - sech p& + tanh pd 1 tanh pA
2kawq/p ( tanh pd1 + tanh p, ) + J TAT
92~ 920- hTAT + 2kawp coth pd
(3.2.1)
where d is the length of the shaded part of each lead-
wire and A the irradiated length of each lead, adjacent
to the bead. (3.1.8) is, of course, a special case of
(3.2.1).
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The long-wave radiation environment was controlled by
surrounding the tuermistors with a blackened enclosure of
known, uniform, wall temperature. This wall temperature
determined the air temperature. The mounting of the ther-
mistors was arranged so that the temperature of the supports
was also kept equal to the enclosure wall temperature.
Under these particular conditions the contribution of the
long-wave radiation to the heat balance was significant
only at very low pressures, and appeared as an additive
term to the heat transfer with the air. The latter is
shown as follows.
The long-wave radiant heat loss from any element dA
of the thermistor surface is given by
(T - Ta4 ) dA
where Ta is the common temperature of the air and the
enclosure walls, C. the emissivity and T the temper-
ature of the surface element. For small temperature ex-
cursions this can be closely approximated by
4 e-" 3 (T - Ta) dA
where T is an appropriate mean temperature.
Hence the net heat flow per unit area for unit temp-
-3
erature difference due to long-wave radiation is 4e ej-T
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One can therefore define net heat transfer coefficients
incorporating both radiation and convection as
h* = h + h
w w w-
(3.2.2)
T T T
where h 4 6
3 (3.2.3)
hT M:T
In the experiments using the enclosure, the quantities
hw and hT appearing in the equations (3.1.8) and (3.2.1)
are to be replaced by h* and h*wT
By carrying out the two radiation tests under high vac-
uum it was possible to deduce the short-wave reflectivities
and ET. To do this, a knowledge of F2W and
T was required. These were available in some instances
from independent tests to be described-in Chapter 6, in
other cases assumed values were used. The quantity
h A + 2ka-p coth pdT T w
which appears as the denominator of the right hand sides of
(3.1.8) and '(3.2.1) is a physically significant quantity
called the dissipation rate, K. K is readily measured
independently as a function of pressure, as described in
Chapter 4. If the measured value of K, rather than the
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computed value is used in equations (3.1.8) and (3.1.2)
when solving for Csw and esT'. the results are much
less dependent on the assumed values of many of the para-
meters, including ew T k, and a In all
cases this latter procedure was used.
Having obtained esw and esT, the heat transfer
coefficients hw and hT were deduced for some of the
thermistors as a function of pressure, by making use of
equation (3.1.8) and the measured values of K. These
quantities were only obtainable by this method over the
pressure range of about 10 mm mercury to 0.02 mm mercury,
but this was the main region of interest in this study.
3.3 Description of Apparatus
(a) Measuring Circuit
The measurement of thermistor bead temperature is
equivalent to the measurement of its resistance. In
choosing a suitable.bridge circuit to do this certain
requirements had to be kept in mind. Firstly, it was
desired to make recordings of the thermistor response to
certain tests on a strip chart recorder. Secondly, the
current through the thermistor.had to be controllable and
substantially constant during a measurement. Thirdly,
provision had to be made for recording both very small
I IllmillllNRllfl""10 " " '"I
temperature changes, and changes of several tens of
degrees - the latter producing changes approaching an
order of magnitude in resistance. Forthly, provision
had to be made to accommodate thermistor resistances
ranging from about 7000 ohms to 250,000 ohms.
The circuit used is shown in Fig.9. It was basic-
ally a series circuit in which the current was kept sub-
stantially constant by using a suitably large resistor
in series with the thermistor. The voltage developed
across the thermistor was then proportional to the resist-
ance. A variable bias voltage source was provided which
allowed the difference between it and the thermistor volt-
age to be presented to the recorder, rather than the
total voltage. In this way, small temperature changes
could be made to cover the whole of the recorder chart,
the degree of amplification being adjusted to suit the
particular need. A decade resistance box was built in,
covering 0 to 1.11 megohms in 1000 ohm steps. This
could be switched into the circuit instead of the therm-
istor, to provide calibration marks on the recorder
chart. Current was monitored on the second channel of
the recorder by recording the voltage across a standard
resistance in series with the thermistor. In addition,
the value of the current could be measured precisely by
Il-flI-~w
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FIG 9. MEASURING CIRCUIT.
measuring the voltage across a second precision resistor
with a Leeds and Northrup potentiometer. This circuit
was preferred over a standard Wheatstone Bridge because
the current could be more readily regulated under'vary-
ing load conditions.
The recorder used was a Sanborne "Twin-Viso" strip
chart recorder, having a maximum sensitivity of 5 milli-
watts per cm deflection. A range of speeds from 0.5
mm/sec to 10 cm/sec was available and this, together
with a rise time of less than 13 millisec enabled ade-
quate recordings to be made of the response of all the
thermistors tested.
Because of relatively high thermistor impedance and
the need for high amplification in some cases, adequate
shielding against 60 cycle hum pickup had to be provided
for all parts of the measuring circuit and connecting
cables.
(b) Vacuum System
As shown in Table 1, Chapter 1, a range in atmo-
spheric pressure of from 760 mm mercury down to less
than 10 mm mercury is encountered between sea level
and an altitude of 80 km, and this range of pressure
'IIMII
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had. to be available for the laboratory tests. In add-
ition, a vacuum of at least 10~4mm mercury had to be
achieved for the measurement of the reflectivities, and
also for the work to be described in Chapter 6. This
did not involve any particular problems provided that the
basic principles of good vacuum practice were observed.
Several general reference books were consulted on this
subject, perhaps the most useful was that by Guthrie and
Wakerling (1949).
The system was built around a Cenco 17 inch pump
plate. This plate had a 3-i inch hole in the centre de-
signed for the possible installation of a large diffusion
pump. A bolt-on flange having an inlet pipe for a mech-
anical pump was provided to cover this hole. The latter
was not used, instead one of the accessory holes near the
perimeter was drilled out and tapped with a 1 inch pipe
thread into which the plumbing for connection of the mech-
anical pump and the vacuum gauge was screwed. This allow-
ed the central part of the pump plate to be used for the
mounting of a window to admit radiation into the system
from below. The vacuum pump was a Cenco Hyvac 14 two
stage oil-filled mechanical pump. It was connected via
a short length of 1 inch I.D. rubber vacuum tubing to a
bellows seal high vacuum angle valve, and thence to the
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pump plate via short lengths of 1 inch copper tubing and
1 inch wrot copper solder fittings. When used with a
Cenco 15 inch aluminum bell jar, this pump was able to
achieve a vacuum of 2 to 3 x 10~3 mm mercury. -By seal-
ing off the bell jar from the vacuum pump with the angle
valve, and admitting air to the system through a release
valve situated in the pump plate, intermediate pressures
up to MSL could be obtained.
A Cenco "Supervac OD-25" oil diffusion pump was used
for tests requiring pressures sufficiently low that the
effect of the air on the thermistors could be neglected.
This pump was also mounted near the perimeter of the pump
plate rather than in the usual position at the centre.
Another of the accessory holes was drilled out to jIt inches
and a special flange was made up which allowed the diffus-
ion pump to be bolted to the pump plate directly underneath
this. Vacuum seal was achieved by incorporating an "OQ-ring"
seal in the flange. An aluminum baffle was made to fit
over the outlet hole to the diffusion pump,, Its main pur-
pose was to condense any oil vapour which might otherwise
have found its way into the bell jar.
When the diffusion pump was being operated, the mech-
anical pump was used as the backing pump, and was therefore
Mi
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connected to the vacuum systemthrough the former rather
than directly. The change-over was facilitated by the use
of Cenco vacuum couplings and a short length of rubber tub-
-5ing. A pressure of less than 2 x 10 mm mercury was ob-
tainable without difficulty. This was reached within
about I hour of switching on the diffusion pump heater,
except that somewhat longer was required if the vacuum sys-
tem had been opened to atmospheric pressure for a prolonged
period. With this set-up there was no provision for vary-
ing the pressure, so the majority of tests were carried
out using only the mechanical pump, connected through the
angle valve as described above. -In the latter case, the
unused diffusion pump remained in the system, but its out-
let was sealed off with a plug.
A certain amount of research had to be conducted into
the question of obtaining the most suitable vacuum gauge,
because the common types did not adequately.cover the whole
pressure range between atmospheric and 10~4mm mercury. A
McLeod gauge was tried for a brief time but it was found to
be highly inconvenient when it was desired to vary the
pressure in steps. Also the range of accurate pressure
readings was limited. The gauge finally adopted was an
Alphatron type 530, manufactured by the National Research
Corporation. This gauge had 7 linear ranges, in decade
I r~im
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steps from 0 - 1000 mm mercury down to 0 - 10~3mm mercury.
The gauge head was installed via a T junction at the same
point that the connection to the mechanical pump entered
the pump plate. A vacuum angle valve was installed between
the gauge and the vacuum chamber, because it was desireable
to keep the gauge head sealed under vacuum when the rest of
the system was to be opened to the atmosphere for any length
of time. The combined length of 1 inch copper tubing and
fittings between the gauge head and the vacuum chamber was
14 inches, which should have been short enough to allow
representative pressure readings even at the lowest press-
ures.
Some initial trouble was experienced with this gauge,
-2
for the system would not pump down to much less than 10- mm
mercury. The trouble was found to be outgassing of a
faulty part in the gauge head. It should be noted that
unless a gauge will pump down to considerably less than the
lowest pressure desired to be measured there is no guarantee
that its readings will be accurate. This is because the
presence of leaks, outgassing, or faulty design of the
connecting tubes can result in quite different pressures
between the gauge head and the bell jar. After the faulty
part had been replaced by the manufacturer no more trouble
was experienced, and the system could be pumped down to
1111MMM OW
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a gauge reading of less than 2 x 10-5mm mercury with the
diffusion pump. A calibration check was carried out by
the manufacturer at the time of this repair, so that pres-
sure measurements made during the course of this study
should have been accurate to the rated tolerance of 2% of
full scale on each range.
The entire vacuum system was mounted on a rigid struc-
ture made from plywood and "Dexion" slotted angle. This
greatly simplified the installation and adjustment of the
radiation source and other equipment to be described below.
A general view of the equipment is shown in Fig.10.
(d) Radiation Source
The ideal radiation source would have produced a
parallel beam of radiation whose intensity and spectral
content accurately matched that of the sun at the altit-
ude concerned. In recent years elaborate solar simulat-
ion systems have been constructed in connection with the
development of space vehicles. See, for example, Mann
and Benning, (1963). In many of these applications,
close spectral duplication of solar radiation is necess-
ary for such studies as the effect of the radiation on
the durability of certain materials, and/or the exact
duplication of the degree of parallelism of the radiation
FIG.10. General View of Equipment.
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is necessary in order to study the thermal gradients induced
at the edge of shadows. Almost without exception these
systems are elaborate and costly. In the present study it
was decided that somewhat more modest requirements would be
sufficient.. The heat absorbed by the thermistor is an in-
tegrated function combining the absorption at each wave-
length interval and the spectral intensity of the radiation
over the same intervals. Provided the absorption does not
change much over the wavelength of the radiation there will
not be much difference in the heat absorbed for two beams
of differing spectral composition but equal integrated inten-
sity. The surfaces of the thermistors to be tested were
either black, or relatively bright metals, such as alumin-
um and platinum. Fig.ll, taken from Turner (1962),
shows that over the wavelength range of solar radiation,
0.3e to 2.54,, the reflectivity of freshly deposited al-
uminum films varies only a few percent. The same is true
of polished platinum, so one would not expect the response
of a thermistor to depend too critically on the spectral
composition of the radiation.
With these considerations in mind, a tungsten fila-
ment lamp was chosen as the radiation source. It was a
Sylvania type DEF 21.5 volt, 150 watt projection lamp,
primarily intended for 8 mm movie equipment. This lamp
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FIG 11. REFLECTANCE OF FRESHLY DEPOSITED AWMINUM FILM.
FIG 12. SCHEMATIC DIAGRAM OF RADIATION SOURCE.
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type has a very compact, robust filament which operates
at a somewhat higher colour temperature (about 33000K)
than higher voltage projection lamps. Even so, the
spectral distribution varies significantly from that of
the sun (colour temperature -60000 K).
To form a parallel beam of radiation of sufficient
intensity a simple lens system was used. This consisted
of two lIZIinch diameter double convex quartz elements in
a simple mount which facilitated focussing. Quartz was
chosen rather than regular optical glass to prevent any
further distortion of the spectral content beyond that
caused by the lamp envelope.
This type of projection lamp has a built-in reflec-
tor, which was not used in the optical system. A plate
with a 7/16 inch aperture was installed very close to the
lamp, on the lens axis, to cut off the majority of the
radiation from this reflector. Any remaining radiation
from this source was highly divergent after passing through
the lens, and consequently of negligible intensity in the
plane of the thermistor.
The lamp was installed in an aluminum housing includ-
ing a small blower for cooling and a transformer for the
21.5 volt supply. Because of the finite size of the fil-
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ament a strictly parallel beam was not possible. The best
results, including evenness of illumination over a 1i inch
circle in the intended plane of the thermistor, were obtain-
ed when the image- of the lamp filament was in focus on a
screen at a distance of about 12 feet. In this condition
the intensity of the radiation was about 4 cal cm 2min'1
at the thermistor. To provide a means of reducing this
intensity without altering the filament temperature a -small
motor was installed, to which was attached one of a set of
chopper disks. These choppers had six blades, with ang-
ular widths such that when they were rotated at 3000 rpm in
the radiation beam the latter was reduced to i, t, or t
intensity, depending on the disk used. For the majority
of the tests,' the Ix disk was used so that the intensity
of radiation falling on the thermistor was approximately
that of the solar constant.
A schematic diagram of the radiation source is included
-.in Fig.12.
(d) Thermistor Mounting, and Other Accessories
As noted above, the thermistors were mounted inside a
copper sub-enclosure during the radiation tests. This en-
closure had several functions. (i) The enclosure walls deter-
mined a stable, steady air temperature, free from fluctuations-
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due to convection. (ii) It provided a heat sink for
radiation not intercepted by the thermistor. (iii) Its
blackened inner walls provided a uniform long-wave radiat-
ion environment of known black-body intensity during the
tests.
The enclosure was similar to the one used in the cal-
ibration tests, except that ventilation holes were pro-
vided for evacuation, and a small viewing port was pro-
vided to facilitate final alignment of the radiation beam
on the thermistor. The two ends of the enclosure were
removeable. The top end carried the thermistor, mounted
between two copper support posts 3/64 inch diameter and
i inch long. An exploded view of the thermistor mounting
is shown in Fig.13. This arrangement was used to maxim-
ize the thermal conduction between the thermistor support
posts and the enclosure walls, so that these two points
were always at the same temperature. Each thermistor to
be tested was mounted on its own individual end plate and
mount, complete with shielded electrical connector. The
thermistor beads were centered with respect to the end
plates by holding the latter in a lathe chuck and bring-
ing up tailstock centre. However a final adjustment was
permitted by the use of oversize mounting holes in the
end plates. The distance between the therMistor support
III -__ -
FIG.13a. Mounted 5 mil Thermistor.
VIEW OF THERMISTOR MOUNT.FIG.13b. EXPLODED
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posts depended on the lead lengths available, but was
usually between 2 and 3 cm.
The lower end of the enclosure was a baffle contain-
ing either a hole or a 3/16 inch wide slot, depending on
the type of radiation test (see above). A -second baffle
plate was mounted on this so that when the whole unit was
assembled, the latter was } inch to } inch from the ther-
mistor. This second baffle had either a slot 3/32 inch
wide or a 2 mm diameter hole, and was intended to define
the radiation falling on the thermistor. The slot could
be changed in length and was generally made to be 1 mm
shorter then the total length between the thermistor sup-
port posts. It thus allowed radiation to fall on the
thermistor and substantially the whole of its leads, but
not the support posts, while the baffle with the hole
confined the radiation to the bead and only short lengths
of lead wire adjacent to it. It was necessary to place
these baffles close to the thermistor because the rad-
iation beam was not perfectly parallel.
The lower surfaces of all these baffles were of high-
ly polished aluminum. The upper surfaces (facing the
thermistor) were blackened with flat black paint, as
were the internal walls of the enclosure and the thermis-
tor mounts. Fig.14 shows a photograph of the enclosure
ml
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FIG.14. Thermistor Enclosure and Baffle.
FIG.15. Enclosure Mounted on Pump Plate.
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with the "hole" type baffle plates, and a mounted therm-
istor. Fig.15 shows the enclosure mounted on the pump
plate.
Note that although the enclosure is small, it is
very large compared to the thermistor diameters.
The flange supplied with the pump plate, and intended
for connection of the vacuum pump, was modified to take a
li inch diameter window of fused quartz, I inch thick.
Construction of the vacuum seal used for this window is
shown in Fig.16. The lower 0-ring was not a vacuum seal
but served as a convenient means of clamping the window
without having any metal to glass contact. A camera shut-
ter was mounted below the window, and below that four circ-
ular baffles, which are also shown in Fig.16. These were
intended to prevent stray radiation and heat from the source
from reaching the pump plate and causing unsteadiness of
the ambient temperature. Since the shutter aperture was
only 2 cm it could not be used for tests requiring more
than 2 cm of lead wire to be irradiated. In these cases
it was removed, and a hand operated metal slide'used.
The assembly underneath the pump plate can be seen in Fig.17.
A high-vacuum electrical feed through was installed in
the pump plate. In addition to 3 ordinary shielded wires
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WINDOW,. ENCLOSURE & BAFFLE S.FIG 16a. SHOWING
FIG.17. Underside of Pump Plate Showing kleat Shields,
Radiation Source, and Chopper Disk.
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for thermistor circuits etc. 4 channels were used for two-
thermocouple circuits. The copper and constantin leads
of these thermocouples passed continuously through tubes
in the feed-through so that no errors could be introduced
by temperature differences between the inside and outside
of the vacuum chamber.
One of the thermocouples was used to monitor the temp-
erature of the enclosure walls. It was soldered to the
latter on a level with the thermistor. A Weston Induct-
ance Amplifier and a Esterline Angus 0-1 milliamp-recorder
were used to display the output. An ice bath was used for
the reference junction.
3.4 Procedure
Once the apparatus had been built and set up the carry-
ing out of the radiation tests was very straightforward,
although time consuming. A good deal of trouble had been
taken in the design and construction of the equipment to
assure representative, reproduceable results, and this
trouble proved to be well worthwhile. In general all ther-
mistors were subjected to the same procedures, except that
some variation in lead lengths was allowed.
The first step was to photograph the thermistor bead
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with a Spencer photomicroscope. The regular sub-stage
illuminator was used to produce a silhouette of the bead.
Some examples of these photomicrographs were given in Fig.2,
Chapter 2. A 0-1 mm scale was photographed using the
same magnification to give a calibration. The silhouette
was then traced on to mm graph paper and the outline div-
ided into strips 0.4 mm wide. The lengths of the strips
were summed, and from this and the calibration. the cross-
sectional area of the bead was found. The total area,
and volume were then estimated on the assumption that the
beads were prolate spheroids. Thus, the semi-minor axis
b was measured from the photomicrograph, and the effect-
ive semi-major axis a deduced from the cross-sectional
area A and the relation
A rab.
a was usually 5-10% shorter than the actual measured
semi-major axis as a result of distortions where the lead
wires joined the bead. The total area AT was then com-
puted from the formula
-AT 21eb 2+ 21ra sin~i e
-2 22' -n~
where e = 1 - -2-
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The volume was computed from the formula
V=A cab23
As far as could be judged, the cross sections perpendicular
to the major axes were reasonably circular. It is felt
that the areas and volumes estimated in the above manner
were correct to 5-10%.
The thermistors were next mounted between the ends of
the support posts on the mounts described above. Because
of their very small dimensions this required considerable
patience and care. One difficulty was the need to have the
thermistor bead reasonably well centered between the posts.
Another was the fact that many of the thermistors as
supplied had lead lengths only fractionally longer than the
distance between the support posts. It was also considered
imperative not to handle the thermistor or its leads with
the fingers, for this would almost certainly have resulted
in deterioration of any reflective coatings.
The above work was greatly assisted by the use of an
8 inch by 5 inch glazed porcelain plate as a working sur-
face. This provided a good visual background, and could
also be kept perfectly clean to prevent contamination of
the thermistors by dust and grease. Illumination was
provided by a Tensor model 5975 high-intensity lamp.
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Manipulation of the thermistors was carried out by using
various dental type probes. The eye of a sewing needle
was also found very useful. A low-power magnifier,. and
a variety of jeweler's loupes, were also useful aids.
The leads were soft-soldered to the support posts, using
a small soldering iron. Soldering was possible but diff-
icult with rosin or paste flux, but very simple with
stainless steel flux. In the latter case, however,
great care had to be taken to avoid any possibility of
the flux contaminating the bead or the lead wires, with
ruinous effects on any surface coatings. After soldering,
the joints but not the beads were washed in clean water to
remove all traces of flux.
After centering the thermistor bead with respect to
the enclosure end plate (see 3.4(d)) and making electrical
connections, optically flat black paint was applied to
any surfaces of the end plate or mount likely to reflect
radiation. When thoroughly dry, the mount was installed
in the enclosure. Final centering with respect to the
baffles was accomplished by eye, looking through the baf-
fles while the thermistor was illuminated from the side
through a small hole in the enclosure wall. The enclos-
ure was then mounted in the vacuum chamber and the system
evacuated with the mechanical pump.
NIlE ~
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After the system .had been evacuated for some time the
tests were commenced. A measuring current small enough
to cause only a very small self-heating temperature rise
in the thermistor was applied and the measuring circuit
balanced. Resistance calibration marks were applied to
the recorder chart by use of the built-in resistance box,
the thermistor switched in again, and radiation applied
by opening the shutter. After the thermistor was steady
again at the new temperature the shutter was closed. A
typical response is shown in Fig.18.
The pressure was then increased to the next desired
point by closing off the angle valve to the pump, and
admitting a little air through a release valve in the pump
plate. As the pressure was increased, the gain of the
recorder had to be increased from time to time to maintain
a suitably large deflection. It was convenient to apply
fresh calibration marks to the record for each test rather
than only after each gain change.
To conserve lamp life, the radiation source was
switched off between tests. About 3 min prior to the
next radiation test the lamp was switched on at reduced
voltage (by using a variac), and brought up to full volt-
age about 1 min prior to the test. In this way lamp life
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Fig 18. Recorder Chart Showing Response of Thermistor to Radiation
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was prolonged, and errors due to a small change in output
as the lamp heated up were avoided. . A Sola constant-
voltage transformer was used ahead of the variac to ensure
that the variac settings represented the same voltage in-
dependently of supply fluctuations.
In all cases, the first run was the "bead only"
type of test, using the baffles with circular holes.
When the last test, at atmospheric pressure, was com-
pleted the diffusion pump was coupled into the system and
the test repeated at the highest possible vacuum. Atmo-
spheric pressure was then let in and the baffles changed
over for the "whole leads" tests. This was carried out
under the high vacuum, again using the diffusion pump.
Finally the diffusion pump was removed from the pumping
system and the mechanical pump used to complete the tests
at the desired pressure intervals.
At high pressures the temperature rise under the
radiation was only a few tenths of a degree. When per-
forming the "whole of leads irradiated" tests, especial-
ly at pressures above 10 mm mercury, the temperature of
the thermistor did not completely level off, but contin-
ued to rise slowly so long as the radiation was on.
This was due to heating of the thermistor enclosure and
the supports by the radiation passing through the baffles
Ills M ilmilmililigiolilim .
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and not absorbed by the thermistor. The rate of temper-
ature rise due to this effect was always-very small com-
pared to the thermistor's rate of response to the radiat-
ion. The procedure was adopted of measuring the temper-
ature rise approximately five time constants after the
onset of radiation. At that time the thermistor would
have been within less than 1% of its equilibrium value,
yet the contribution to the temperature rise due to the
heating of the enclosure was still negligible. The same
effect was noticeable in the thermocouple records of the
enclosure temperature when tests were being carried out
at lower pressures, but it was so small compared to the
thermistor temperature change that it was not discernable
in the output of the latter.
In general, other tests were carried out at the same
time as the radiation tests. For example the time const-
ant (Chapter 7) was measured along with the "bead only"
tests, and the dissipation rate (Chapter 4) was measured
on the same runs as the "whole leads" tests. In some
cases, when only the reflectivities were of interest,
only the tests at high vacuum with the diffusion pump were
performed.
' 4 IMi
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3.5 Calibration of the Radiation Source
To obtain quantitative measurements, the intensity of
the radiation falling on the thermistor was required. This
was measured by suspending an Eppley Pyrheliometer inverted
over the window in the pump plate. The thermistor enclos-
ure was removed and the sensitive element of the Pyrhelio-
meter carefully centered on the window at the position norm-
ally occupied by the thermistor. The shutter was removed
for this test, as its maximum aperture was less than the
area of the Pyrheliometer. The output of the Pyrheliometer
was measured with a potentiometer and converted to cal cm 2 min"
using the calibration furnished with the instrument.
This procedure gave the mean intensity over the area of
the 1 inch diameter Pyrheliometer disk, and although the in-
tensity of the illumination appeared even to the eye when
viewed on a white paper screen there was some concern about
whether this value applied at the actual position of the
thermistor bead. However an independent check was avail-
able in the observations of the response of black thermistors,
including a thinistor, described below. The fact that the
recorded tmeperature rises were consistent with those expect-
ed of black bodies under the assumed radiation intensity con-
firms the assumption that the radiation was in fact uniform.
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Since it was well known that a tungsten filament lamp
gradually declines in output throughout its life, the out-
put of the radiation source was checked in the above manner
with the Eppley Phyrheliometer from time to time during the
course of the experiments. By keeping an approximate log
of the minutes of operation of the lamp at full voltage it
was possible to plot the lamp output vs cumulative operat-
ing time. Fig.19 shows an example for one of the lamps.
From this graph the actual output at the time of a given ex-
periment could be readily interpolated. Where a chopper
disk was employed, the calibration was performed with the
disk in operation. The lamps were changed after about 15
hours use to aviod the possibility of failure in the middle
of a run.
3.6 Results
(a) Physical Characteristics
Table 2 shows the results of the estimation of the
dimensions, areas,' and volumes-of the bead thermistors
used in the radiation tests, as described in section 3.4
above. These quantities will be needed in later discus-
sions.
'H!".
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TABLE 2. Physical Chaiacteristics of Thermistors
Number Type Nom. Minor a b A A Vol.
Diam. Diam. 10-2 10-2 10-3 10~3 10-5
mils mils cm cm cm2  cm2 cm3
G-2 X2047 15 18.3 2.64 2.33 1.94 7.45 6.00
G-3 14.8 2.28 1.88 1.35 5.08 3.38
G-4 12.4 2.18 1.58 1.08 3.94 2.27
G-5 15.6 2.34 1.98 1.45 5.52 3.84
G-6 15.6 2.28 1.98 1.42 5.42 3.74
G-9 " 13.5 2.11 1.72 1.14 4.30 2.62
G-10 - - - - - -
0-11 16.0 2.28 2.03 1.45 5.59 3.94
G-12 14.9 2.44 1.89 1.45 5.38 3.64
G-7 L5000 15 12.2 2.03 1.54 0.98 3.64 2.03
G-8 11.8 1.65 1.50 0.78 3.01 1.55
F-1 - 10 13.2 3.00 1.67 1.57 5.47 3.50
F-2 - 13.2 2.96 1.68 1.56 5.43 3.49
F-3 - 14.4 2.48 1.83 1.42 5.30 3.48
VB-1 41A5 10 10.1 2.19 1.29 0.88 3.11 1.53
VB-2 10.7 1.94 1.36 0.82. 3.00 1.50
GB-2 45CD5 15 14.9 2.75 1.90 1.64 6.00 4.15
V5B1 TX1718 5 4.7 1.18 0.60 0.22 0.76 0.18
V5B2 " 4.6 1.16 0.59 0.21 0.73 0.17
R-1 - 10 10.1 -- - 35.1 116 -
T-1 FNlA5 - - - - 76 152 15.5
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(b) Temperature Rise as a Function of Pressure.
-The results presented in this section are strictly the
results of the experiments. Their implications for actual
temperature, measurements in the atmosphere will-be discussed
in Chapter 11.
Fig.20 shows the observed temperature rise of a Gulton
X2047 15 mil (nominal) bead thermistor as a function of
pressure. This thermistor had a vacuum deposited aluminum
coating of relatively high quality (see below) on the bead
and presumably over much of the lead wires. The temperat-
ure rise has been corrected to a radiation intensity of
2.0 cal cm-2 oC~. The temperature rise in still air is
seen to be fairly constant from atmospheric pressure down
to about 3 mm mercury. This reflects the constancy of the
convective* heat transfer coefficients in the region. At
pressures below 1 mm mercury the temperature rise increases
quite rapidly with decreasing pressure. The levelling off
below about 0.02 mm mercury is due to the combined effects
* Strictly speaking the term conduction should be used here
instead of convection, but the latter will be retained to
provide continuity with other parts of this work, and to
,avoid confusion with heat conduction in the lead wires.
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FIG 20. MEASURED RESPONSE OF THERMISTOR TO RADIATION.
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of heat conduction in the lead wires and long-wave radiation
exchange with the enclosure wallt in dominating the heat bal-
ance of the thermistor, rather than convection. Under
these circumstances the results are heavily dependent on the
particular mounting conditions, including the lead lengths,
used in the experiments.
It is immediately apparent from the difference between
the two curves of Fig.20 that the temperature rise is strong-
ly influenced by the radiation intercepted by the lead wires.
Thus, without even taking into account the fact that a
short length of lead wire is still included in the "bead
only" tests one can see that the lead wires in this partic-
ular case contribute more than the temperature rise of the
bead alone at 0.10 mm mercury and more than twice the temp-
erature rise of the bead alone at 0.01 mm mercury.
The proportional contribution of the lead wires is
less at higher pressures. In the above example the observ-
ed temperature rises at sea level pressure were 0.300C
with only the bead irradiated, and 0.42 0C when the whole,
thermistor was irradiated.
As mentioned in section 3.1 the effect of the radiation
on the lead wires of these small bead thermistors has not
received much attention previously. There is much discussion
II
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of the effectiveness of various bead coatings in reducing
the radiation error but no consideration appears to have
been given to the reflectivity of the lead wire surface.
An example of what can happen is given in Fig.21 which
shows the effect of radiation on two 15 mil (nominal) ther-
mistors of the same manufacturer, but of differing type.
The thermistor G-5 was a Gulton X2047 thermistor with a
relatively good aluminum coating. G-8 was a Gulton type
L500C thermistor in which the bead had been aluminized and
and then given a quartz coating, presumably to preserve
the aluminum coating. The leads, however, had been tin-
ned to facilitate soldering, and this tinning, which ex-
tended over the whole length, had not taken well and vis-
ually appeared very dull. The lead lengths and-mountings
used for the two thermistors were similar. Obviously the
rather more elaborate treatment given the L5000 thermistor
bead was more than nullified by the dirty lead wires.
The response of an uncoated thermistor to radiation
is also of interest. The uncoated beads are black, so
that one would not normally want to use an unshielded ther-
mistor of this type in the atmosphere, but they provide a
kind of "limiting case" for the radiation errors. Also
it is possible to compute from the observed response the
errors which cwould result if a coating of given reflectivity
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FIG 21. MEASURED RESPONSE OF THERMISTORS TO RADIATION.
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was applied. For example, if the temperature rise ob-
served in the "bead only" tests is considered to be the
contribution of the black bead to the temperature rise
for the complete thermistor, then a reflective coating
of 90, reflectivity would reduce this to 10% of its form-
er value. Similarly the contribution of the lead wires is
given by the difference between the "whole leads" response
and the "bead only" response and this too is proportional
to (1 - reflectivity). Assuming that the reflectivity
of the original lead wires has been calculated it is there-
fore possible to deduce the lead wire contribution for
other reflectivities. Of course these estimates would
have to be based on the assumption that the coating would
not appreciably change the physical size or the heat-flow
characteristics of the thermistors, so they wduld have
to be treated with due caution.
Fig.22 shows the observed response of two uncoated
thermistors. GB-2 is a Gulton 45CD5 15 mil type and
V5B-1 a Veco TX1765 5 mil thermistor. Note that this
time a logarithmic scale had been used. The rather high
temperature rise of the smaller thermistor at very low
pressures was due in part to the fact that this type of
thermistor had 0.7 mil diameter lead wires compared to
the 1 mil leads on the larger thermistors and so had a
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FIG 22. MEASURED RESPONSE OF THERMISTORS TO RADIATION.
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smaller rate of heat loss by conduction.
It will be seen that the smaller thermistor has a
smaller temperature rise at high pressures due to its
superior convective heat transfer characteristics.
This advantage is lost at lower pressures because the
dimensions approach the mean free path of the air mol-
ecules at an earlier stage.
Another point of interest about these results is
the fact that the relative contribution of the lead
wires to the temperature rise of the 5 mil bead therm-
istor was very great at low pressures, despite the fact
that the bead itself was black. This is due to the
rather small cross-sectional area of the small bead com-
pared to the area of the lead wires. As a result the
reflectivity of the lead wires of the 5 mil thermistors
would be considerably more important at high altitudes
than the type of reflective coating used on the bead
itself.
Fig.23 shows the temperature rises observed with
an experimental 10 mil diameter .aluminum coated rod
thermistor, manufac-tured by the Bendix-Friez Company.
This rod was approximately 1 inch long and was furn-
ished with 4 mil diameter leads of unknown material.
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The rod was mounted for the tests in the same way as the
bead thermistors, but using a modified baffle to achieve
the "rod only" tests.. The temperature rise at low pres-
sures was much smaller than that observed for the bead
thermistors. Subsequent tests have shown, however,
that this is due to the fact that with the lead lengths
used, conduction of heat through the lead wires to the
supports was a dominant item even at moderately high pres-
sures. The results therefore do not represent the true
response of the rod to radiation because at all pressures
the leads were too short and thick and of too high thermal
conductivity for it to be a satisfactory air temperature
sensor. The lead length used in the tests was 1.22 cm
and it is interesting to note that this was considerably
longer than that used in an experimental mount 'for these
rods supplied by the manufacturer.
Fig.24 shows the response of a Veco FNlA5 "thinistor",
T-1, to radiation. This is a type of thermistor having
flat-plate geometry instead of a spherical bead, with
consequent improvement to the surface area to volume ratio.
The size of the flat plate was approximately 3/32 inch
square, and according to the manufacturer's specification
0.0008 inch thick. The upper side of the plate had a
flat black finish. The thinistor was mounted so that the
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FIG 24. MEASURED RESPONSE OF THINISTOR TO RADIATION.
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flat black surface was perpendicular to the radiation.
The length of each 1 mil platinum-iridium lead wire of the
mounted thinistor was 1.0 cm.
To avoid excessive temperature rises during the tests,
the intensity of the radiation was reduced to about t of
the solar constant with one of the chopper disks. The ap-
propriate calibration factor was then used to obtain the
values given in Fig.24. In the case of the thinistor the
contribution of the lead wires to the temperature rise was
negligible, so only one curve is shown. The temperature
rise is seen to be constant in still air down to rather low-
er pressures than was the case for the bead thermistors.
If the thinistor had been given a coating of 90% reflect-
ivity we should expect the still-air temperature rise at
sea-level pressure to be = 2.400 under the same rad-
iation. This is still much greater than the temperature
rises observed with coated bead thermistors, but because
the rate of increase of the temperature rise with decreasing
pressure is less, the advantage of the beads is diminished
with altitude until at around 0.05 mm mercury (about 225,000
ft) the coated thinistor would show a comparable or smaller
temperature rise.
The results of measurements of the type described in
this section on a number of other thermistors will be found
in Appendix I.
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(c)' Reflectivities
The reflectivities of the beads and the lead wires of a
number of thermistors were computed from measurements of the
dissipation rate and the "whole leads" and "bead only" temp-
erature rises under high vacuum. Writing these as K(0),
e2(0) and e'2(o) respectively we see from (3.1.8) and
(3.2.1) that
02 (0).K(O) = (coth p' cosech p'd) + J A2 -r (ct p- SDTAT
(3.6.1)
1 - sech p'A + tanh p'd1 tanh p'a
and 0'2(O).K(O) 6 rsw ' tanh p' + tanh p'A
+ J EA (3.6.2)
Under the conditions of the experiments, e20=0
In the right-hand sides of these equations, r was taken as
1.27 x 10~3 cm for 1 mil lead wires and 0.89 x 10~3 cm for
0.7 mil wires. k was assumed to be 0.31 watt cm~ C ~,
a value obtained from "Handbook of Chemistry and Physics",
Chemical Rubber Company, p 2254 for platinum-iridium (10%)
alloy. This latter value has been verified independently,
see Chapter 5. Measurements using a microscope fitted with
a micrometer eyepiece have also verified the lead-wire
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dimensions given.
The quantit p = h was obtained from (3.2.3)
and an assumed value of Gw. A value between 0.05 and
0.2 was generally chosen for the latter, depending on the
appearance of the wire surface. As pointed out in section
3.2 the values of Psw and GsT are not very sensitive
to the value of e for the range of lead lengths used.
With these assumptions, the coefficients of G - on
the right-hand sides of (3.6.1) and (3.6.2) are known, as
are the left-hand sides, thus permitting solution for C
sW
and CsT. Table 3 shows the results of these computations.
Information concerning the physical characteristics of these
thermistors has been given in Table 2.
The first 6 were aluminized 15 mil Gulton type X2047
bead thermistors. Like all the thermistors used in this
study they were unused, having been taken from their orig-
inal packing only immediately prior to mounting. Visually
all of these thermistors appeared very bright, with no
discernable flaws in the aluminum coatings. An exception
was G-11, the lead wires of which did not appear as bright
as those of the others.
The mean absorptivity (short-wave) of the 6 beads was
0.16, with a range of over 2:1 of 0.10 to 0.22. For
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TABILE 3. Measured Absorptivities of Thermietors
Visual Condition
Number Nom.Diam. Coating Bead' LeadssTG .w
G-2 15 mil Al .15 .12 good good
G-3 15 mail Al .22 .14 good good
G-4 15 mil Al .17 .19 good good
G-5 15 mil Al .13 .11 good good
G-6 15 mil Al .10 .15 good good
G-11 15 mil Al .21 .45 good poor
G-7 15 mil Al/Quartz .86 .63 poor bad
G-8 15 mil Al/Quartz .72 .61 poor bad
F-1 10 Mil Al .83 .39 bad poor
F-2 10 Mil Al .54 .45 poor poor
F-3 10 Mil Al .57 .45 poor poor
VB-1 10 Mil None .93 .27 black fair
VB-2 10 mil None .95 .29 black fair
GB-2 15 mil- None .88 .31 black poor
V5B-1 5 mil None 1.07 .31 black fair
V5B-2 5 mil None .95 .30 black fair
T-1 - .95 - black exc.
R-1 10 mil Al .08 .13 exc. good
111 1 II
91
the'lead wires, the mean was 0.19 with a range of 0.11
to 0.45. Neglecting the obviously poor leads of G-11 the
mean was 0.14.
The values for the aluminized beads are considerably
greater than those given in the literature for vacuum depos-
ited aluminumfilms, which range from about 0.08 down to
0.04 for radiation in the solar wavelength range. (C/F
Fig.ll and see also Armstrong (1965)). Evidently, coat-
ings applied to these small objects do not approach the same
degree of perfection obtainable under more ideal conditions.
The range of variation is also of interest for this variat-
ion would ultimately be reflected in the variability of the
radiation error.
Thermistors G-7 and G-8 were Gulton type L500C therm-
istors of nominal size 15 mils. The beads were aluminized,
with a protective quartz coating on top of this. The lead
wires had been tinned, but this tinning had not taken well,
with the result that there were numerous small lumps of sol-
der and other debris attached to them, and their overall
visual appearance was quite dark. The aluminum coatings
on both these thermistors looked poor under a lowpower mag-
nifier, in particular the bead of G-7 appeared to have a
black area where the aluminum was missing. The measured
reflectivities confirm these observations. A good deal of
M
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the apparently low reflectivity was no doubt a result of the
effective increase in area caused by the foreign matter on
the lead wires. In particular, there.was a large piece of
debris adjacent to the bead of G-8 which would have been il-
luminated together with the bead in the "bead only" part of
the tests. Nevertheless the poor overail performance is
inescapable. In the case of G-7 it so happened that the
black area was towards the radiation during the tests. For
other orientations the reflectivity of the bead may have
been much higher but the poor lead wire reflectivity would
still give rise to a large radiation error.
The thermistors F-1, F-2, and F-3 were bead therm-
istors of 10 mil nominal diameter but somewhat greater act-
ual diameter, manufactured by Fenwall Electronics Inc.
These thermistors had been aluminized under vacuum by an
independent organization. Their overall visual appearance
was poor,. in particular one of the beads, that of F-1,
was dull all over to the point of blackness, while F-2 and
F-3 were quite bright on one side but dull on the'other.
As was the case with G-7 a large percentage of this dull
area was turned towards the radiation in the tests. It
was not possible when mounting the thermistors to arrange
for a particular orientation so no particular effort was
made to either avoid or favour these dull areas in the tests.
ON I -
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'The results obtained for the uncoated (black) bead
thermistors were very encouraging, because all of the meas-
ured absorptivities appeared to be very reasonable values.
This indicates that the'system was working correctly, in
particular that the source intensity measured by the Eppley
Pyrheliometer was representative of the intensity at the
thermistor, for we might equally have assumed a value near
1 for P T and used this to estimate J.
The test of the thinistor, T-1, was of particular in-
terest because in many respects this resembled a convention-
al radiation detector. See for example Strong (1946). A
baffle with a 3/16 inch hole allowed the radiation to fall
on the flat black surface of the thinistor. Since there
was no significant contribution from the lead wires it is
possible to write simply
JsCTAT e2(0).K(o)
where e2 (0) is the temperature rise under vacuum for
SeSTA watts of radiant power, and K(O) is the electr-
ical power which must be supplied to the thinietor plate
to produce 1 C temperature rise in the absence of the
radiation. Ideally, K(O) should have been obtained by
using enough electrical power to produce the same temper-
ature rise 62(0) as that produced by the radiation.
ALF
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However in the preseit case this was not convenient and the
temperature rise used for K(O) was approximately 1000 as
opposed to 550 measured for 82(0). The heat loss of the
thinistor plate is by thermal radiation and conduction.
The latter was computed to be =3 x 10-6watts oC~- for two
I mil leads 1 cm long. Thus, the remainder of.the meas-
ured K(0) of 45 x 10-6watts 40C was due to thermal rad-
iation loss to the enclosure walls. Denoting this by
K r(0), -and noting Stefan's law, we see that
K (0) - 5 3r
where T is approximately the mean absolute temperature of
the walls and the heated plate. Since T in the measure-
ment of 'K(0) was 3050K and T in the measurement of 92(0)
was 3240K the appropriate corrected value of K(0) to be
used in the computation of G was taken as
(3 + 42. (24) 3) x 10-6 = 53 x 10-6watt 0~1305C
Using this value, and the appropriate calibration factor
for the chopper disk employed, the value of 95A for G
was-obtained.
Similar measurements and computations were made for the
aluminized rod thermistor R-l. It is noteworthy that this
recorded the best reflectivity of any of the thermistors
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tested, possibly indicating that superior coatings can be.-
achieved on the larger bodies. Several other rods of this
type were inspected (but not tested), and all exhibited a
high degree of brightness and uniformity in their coatings.
In view of the generally disappointing reflectivities
of.the thermistors tested a number.were subjected to close
examination, both under low-power magnifiers and tinder the
microscope. Under the magnifiers a number of the Gulton
X2047 aluminized thermistors appeared to have black spots
of the type noted with respect to G-7 above. Mostly these
were of such small area compared with the total bead area
that they were of no consequence, but out of about 20 beads
of this type inspected two had quite large black areas. Of
the four aluminized Fenwall 10 mil thermistors received,
all had dull areas extending over more than 1/3 of their
surface area (including the ones tested above). These lat-
ter areas were of a different nature to the black spots not-
ed above, for they were not so sharply defined.
Microscopic inspection of the bead surfaces was hamper-
ed for a time by lack of an adequate illuminator, . but to-
wards the end of the project a vertical illuminator became
available. Even so, observation, and particularly photo-
graphy of the beads was very difficult because of the ex-
tremely curved nature of the surfaces and the extremely
11 1  1 IN m m m miilmimiliiilipi
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small depth of focus available when the desired amount of
magnification was used. Some improvement ,was obtained by
using a lower powered objective and enlarging from the neg-
ative but in general only a limited area of the curved bead
surface-could be focussed at one time. Some photographs
of parts of thermistor beads are given in Figs.25-29, to-
gether with brief de'scriptions of the features shown.
A study was also made of some of the thermistor lead
wires, since the reflectivity of these is just as important
as that of the beads at high altitude. Under low magnifi-
cation there were noticeable variations in the apparent
brightness of the lead wires of different thermistors, and
even between different parts of the same lead wire. Under
the microscope the wires were often found to have numerous
irregularities. Some photographs of lead wires are given
in Figs.30-32.
No study was made of the possible effects of prolonged
exposure to the air on the reflectivity of the aluminum
coatings. Some workers, for example W.C. Wagner (1965),
have advised storage of the thermistors in an inert gas
until inmediately prior to use. This is probably a worth-
while precaution especially if they may otherwise be expos-
ed to tropical conditions or even industrial atmospheres.
The Gulton X2047 thermistors tested above showed no notice-
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FIG. 25
Thermistor Type:.
Approx. Magnification:
Gulton X2047, Aluminum coating.
200X
Major flaw, -'probably in glass coating, in centre
of photograpn. Elsewhere are areas where aluminum coat-
ing is missing or irregular.
Remarks:
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FIG. 26
Thermistor Type:
Approx. Maagnification:
Fenwall GB41L10, Aluminum coating.
200X
Remarks: Photograph shows visually dull area of coating,
with small dark areas showing through.
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FIG. 27
Thermistor Type: Fenwall GB41.lO, Aluminum coating
Approx. iHagnification: 200X
Remarks: "Bright" side of same thermistor shown in Fig.26.
.Notice small "dimples" in coating which were observed on
all aluminized beads to a greater or lesser extent.
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FlG. 28
Thermistor Type: Gulton X2047, Aluminum coating
Approx. iJagnification: 10OX
Remarks: Coating on this bead was visually as near perfect
as any that were examined.
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FIG. 29
Thermistor Tyne: Veco 41A5, Uncoated
Appro'x. Magnification:
Remarks: .iotice numerous small imperfections, resembling
pits in the glass surface.
400X
FIG.
Thermi stor Type:
Approx. riagnification:
30
Gulton 1,500C, Aluminum/^uartz coating
200X
Remarks: Photograph shows part of "tinned" lead wire of
thermistor number G-8 referred to in text, but does not
include any of the larger pieces of debris mentioned in
connection with this thermistor.
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FIG. 31
Thermistor Type:
Approx. MIagnification:
Fernwall GB411O, Aluminum coating
200X
Remarks: Lead wire of thermistor number F-2, fairly close
to bead, showing irregular globs of aluminum coating.
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FIG. 32
Thermistor Type: Veco 41A5, Uncoated
Approx. Magnification:
Remarks: Lead wire of uncoated thermistor. Vi sually
.smoother than those shown in Figs.30 and 31, but Still
has some irregularities of a type frequently observed.
200X
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able signs of having deteriorated when removed from their
regular packing boxes prior to testing. However some which
subsequent to testing were exposed to the open air in the
laboratory for a few months were significantly less bright
in appearance than the ones stored in their boxes.
(d) Heat Transfer Coefficients
Having determined ew, ' T'
porsible, from measurements of 9 2
heat transfer coefficients. hw and
pressure in still air conditions.
AT, and AT it was
and K to deduce the
hT as functions of
Thus from (3.1.8)
4 6 Jr
92K - J wA (coth p'd- cosech pd)
and K = 2kap* coth pd + ATh
where we have written
2h*w
w
=kr
(3.6.3)
(3.6.4)
2(h + h')
w w
kr
h T = hT + h
The left-hand side of (3.6.3) was known, and from it, p'
was determined. Then hw was deduced by subtracting from
h* the contribution of the long-wave 'radiation, hw 4 Aw
w w t
U'.-NO
and
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By inserting p* in (3.6.4), h*T and consequently hT
were determined.
The accuracy of this method at the lowest pressures was
limited by the fact that only estimated values were in gen-
eral available for C and 6 so that h' and h
were not well known. In a typical case = 3100K and
i f 9= 0.1, h = 0.7 x l04. This was comparable with
-3hw or hT at a pressure of about 5 x 10- mm mercury. By
-22 x 10 mm mercury h was about four times larger and the
possibility of error was reduced. For an uncoated bead we
could assume = 1 with some confidence, but the poss-IT
ibility of error was still great because the heat lost by
radiation exceeded that by convection for pressures below
about 5 x 10 -2mm mercury.
At high pressures the observed temperature rises were
very small and in addition the terms 62K and J 6SA'
were nearly equal, so again the accuracy of the method be-
came poor. This was especially so with the uncoated beads.
For the above reasons, computations were only made
for aluminized bead thermistors, and at pressures between
2 x 10 2 mm mercury and 10 mm mercury. A typical graph of
the function 92K vs pressure is shown in Fig.33, to-
gether with the power absorbed by the bead, J 6 AT
I a a
01
120
100
0
260
E
40
J £~Y
I. t t t I t
a . - a S A £ a
i a A___________________
-01
FIG 33.
0-1Pressure, mm mercury.
THE QUANTITY eLK FOR
1-0
G -5.
0O
00
a
.................
a A . a a a a M
108
Values for the computations were read off at suitable pres-
sure intervals. Table 4 shows the results for five of the
15 mil aluminize-d Gulton type X2047 thermistors.
TABLE 4. Measured Heat Transfer Coefficients of Thermistors
(a) h, in
Pressure,
mm Hg
units of 10~4 watt cm-2 o -1
.01 .. 02 .04 .10 .20 .40 1.0 2.0 4.0 10.0
- 2.4
- 1.8
- 3.3
-~ 3.1
1.4 3.5
6.6
4.9
7.6
5.5
7.4
11
15
16
12
16
21
32
28
25
29
53
52
47
47
60
99
100
89
120
140
131
160
124
160
160
240 330
150 170
190 200
190 .220
(b) hT
Pressure
mm Hg
in units of 104 watt cm-2 oC~A
.01 .02 .04 .10 .20 .40 1.0 2.0 4.0 10.0
1.4 -
- 5.4
- 2.8
- 3.3
.1.0 2.3
5.0
8.3
4.6
6.2
3.7
13
13
13
12
10
28
34
47
33
29
50
57
75
50
52
73
98
68
66
54
76
111
-82
74
56
74
123
90
85
There was considerable variation between the thermistors,
especially outside the pressure range 0.04 to 2.0 mm
G-2
G-3
G-4
G-5
G-6
G-2
G-3
G-4
G-5
G-6
1111NOMMOMENNONOW
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mercury. Most of this variation was probably due to the
inaccuracies of the method at very high and very low pres-
sures as discussed above, but some may have been caused by
real variations in thermistor shape and surface conditions.
Fig.34 shows the mean heat transfer values for the ther-
mistors of Table 4. The results for the 1 mil lead wires
agree very well with heat transfer coefficients given in the
literature for fine wires. See for example McAdams (1954),
Collis and Williams (1959) or Ney (1963).
At very low pressures, the slope of the curves'in Fig.34
approaches unity, i.e. the heat transfer coefficients become
proportional to pressure as expected in a "free-molecule"
regime. At'higher pressures, above about 10 mm mercury,
there is a levelling off. Near atmospheric pressure, in
still air, the process is predominantly one of molecular
conduction rather than free convection. This is because of
the small magnitude of the Grashof number for these small
bodies. Thus Gr T . AT where V is the kinematic
viscosity. For a 15 mil thermistor bead with AT = 104C,
Gr o10~1 at atmospheric pressure. The theoretical ex-
pression for conduction of-heat from a sphere into an'in-
finite medium of conductivity k is well known. Thus
Q = 4ikr(T. - T)
S. - I ....... I
0O 1 mil
- a _._a15mil
(Mean o
Lead Wires
Beads
f 5 Thermistors)
4- ~-h-
~~0
10"
- -b- -T.
0
'E)
0
10
-01 0-1
Pressure, mm
1-0
mercury.
l
FIG 34. HEAT TRANSFER COEFFICIENTS FOR THERMISTOR BEADS AND LEAD WIRES ,
(STILL AIR)
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whence
h Q kh= = -
4zftr 2(T8 - T,,) r.
For a 15 mil diameter sphere at atmospheric pressure,
h = 1.3 x 10 2.watt cm- 2-oC . This value seems consist-
ent with the experimental results when it is remembered
that the actual thermistor beads were larger than 15 mil
spheres.
Heat transfer coefficients for some of the uncoated
thermistors were computed from the measured dissipation
rates by assuming that the mean heat transfer coefficient
for 1 mil wires given by Fig.34 was applicable to their lead
wires. The results are shown in Fig.35 for Veco 5 and 10
mil beads, and a Veco FNlA5 thinistor. This procedure is
not completely satisfactory for the bead thermistors because
the heat transfer coefficients of the lead wires depend to
some extent on their particular surface conditions. It
will be seen by comparison with Fig.34 that the heat trans-
fer coefficients of the smaller beads are greater than those
of the larger 15 mil coated beads. This is to be expected
at higher pressures, but-the fact that the values continue
to be higher at lower pressures may be in part due to the
use of too low values for the lead wires in the computations.
0ft
E
Zp.
.6e
-01 0-1 1-0
Pressure, mm mercury.
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In the case of the thinistor the contribution of the
lead wires to K was only 5-10% so the above problem was
not present. A correction for long-wave radiation -was ap-
plied to the above results, based on the assumptions
1.0 for the uncoated beads, G = i-(1.0 + 0.1)
for the thinistor (1 black, 1 metallic side), and e = 0.1.
(e) Dependence of Temperature Rise on Orientation of the
Lead Wires
The radiation tests described in this chapter were all
carried out with the lead wires normal to the radiation beam,
intercepting a maximum amount of radiation. For other orien-
tations equation (3.1.8) can readily be modified by writing
C Jsin. in place of G J, where oc. is the angle betweensw aw
the leads and the radiation, and using an appropriately mod-
ified AT if the departure of the bead from spherical is
great.
To obtain an experimental check on this procedure tests
were run in the vacuum chamber with d = 900 and cC= 300
on the same thermistor. The latter was mounted on one of
the standard mounts which was suspended on a bracket over the
window in the pump plate, at the same height as the thermis-
tors in the previous tests, but without the enclosure. The
support posts were horizontal and the thermistor mount could
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be rotated about a horizontal axis to change the orientation
of the. thermistor with respect to the radiation. Aluminum
foil was arranged to prevent excessive heating of the therm-
istor mount by the radiation, and some black material was
.applied to the inside top of the aluminum bell jar to minim-
ize reflection of radiation back to the thermistor.
Fig.36 shows the results of these measurements, which
were taken with the aluminized thermistor G-5. The lower
curve was computed from the upper one and the previously
measured dissipation rate as follows:
1. Calling the observed temperature rise for 04 90
62(90), the quantity
JG A
(e (90 ) - sT T )sin 3002 K
was computed at suitable pressures, J e A being
known from previous results.
2. The computed temperature rise for 0( = 300 was then
e2(300) -J TAT .) sin 300 J sA T2 2
This is essentially the procedure discussed above but with
a apherical bead assumed. The bracketed quantity on the
RRS is the part of the temperature rise due to the lead wires.
Pressure, mm mercury.
RESPONSE OF THERMISTOR TO RADIATION AT AN OBLIUOE ANGLE.FIG 36,
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There was reasonable agreement between measured and com-
puted values. The values of 92(900) measured in this test
were all about 10% higher than those measured previously for
the same thermistor using the enclosure. This was probably
due to stray radiation which was not so well controlled in the
latter tests. No adjustment was made for this fact.
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CHAPTER 4
THE ERRORS DUE TO THE MEASURING CURRENT
4.1 Introduction
A small electrical current must be used in order to meas-
ure the resistance/temperature of a thermistor. Because of
their large electrical resistance and small physical size this
current produces a certain amount of heating in the thermis-
tor bead which affects the temperature reading. The temper-
ature rise of the thermistor -above ambient air temperature is
usually characterized by the "Dissipation Rate". This is
defined as the amount of electrical power needed to produce
a temperature rise of 10C.
An expression for the dissipation rate is readily der-
ived by modifying (3.1.5) to include the electrical power Qe
Thus
2ka x d + hTAT OTA IA + Q (4.1.1)
w d~x d T T 2 sTT e
The new expression for (3.1.7) becomes
2kap cosech pd. e1 + Q
20 2kap coth pd + hTAT
The part of the temperature rise due to Qe is obviously
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Qe'4e
e 2 e 2ka p coth pd + hTAT
Hence the dissipation rate K is given by
K 2kawp coth pd + hTAT (4'1'3)
For sufficiently long lead wires coth pd -l up to a
given altitude and K reduces to
K = 2kap + hTAT = 2F1Tkrih w + hTAT (41*4)
If the appropriate heat transfer coefficients for the
miniature bead thermistors are inserted in (4.1.3) it will be
found that the contribution of the lead wires to. K is comp-
arable with the heat transfer from the bead itself at all
pressures, and in many cases exceeds it. This is illustrat-
ed in Table 5 which shows these two terms, 2kawp coth pd
and h A for the 15 mil Gulton thermistor G-5. The coeff-
icients were taken from Table 4.
TABLE 5. Relative Contributions of Leads and Bead to G-5
Dissipation Rate. (microwatt 0C 1) -
Pressure" mm Hg .04 0.1 0.2 0.4 1.0 2.0 4.0 10
2kap coth pd 6 8 11 16 25 28 31 32
h AT 4 7 12 19 28 38 46 50
K 10 15 23 35 53 66 77 82
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As pointed out in Chapter 3, K _appears as a fundament-
al quantity in the expressions for the radiation error. It
is also important in determining the response speed of the
thermistors (see Chapter 7). For these reasons, measure-
-ments of K as a function of pressure have been made for a
relatively large number of thermistors.
In the earlier rocket soundings the electrical circuits
were such that- a considerable amount of electrical power was
dissipated in the thermistor. According to graphs given by
.K. Wagner (1963) for example, a measuring power of about
45 x 10-6 watts was used at temperatures encountered near
65 km.- At this altitude a typical value of K for a 10 mil
bead thermistor is 15 x 106 watts so an error of 30C would
have resulted. More recent telemetry circuits.produce rather
less heating in the thermistor, and according to Ballard (1966)
this heating need no longer be a significant source of error.
Pearson (1964) describes how the error may be reduced without
reducing sensitivity by using a pulsed circuit.
4.2 An Instability Criterion
In extreme cases it is possible to get an unstable con-
dition wi.th certain types of measuring circuit. As an il-
lustration, suppose the circuit supplies a constant voltage,
' lfll"" 11'l MIMI M
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so that the power is given by where V is constant.
If 9 is the temperature rise due to the heating current,
a small change 66 in 6 would be accompanied by a change
dRT
.T 9so in R T . But -with this change in R T the power
would change by
V 2 dRTe 2
RT dT
A change SQ, in power, however, would result in a change
69 of , i.e.
g V2  dRT g9
RT dT K
The displacement £6 is unstable if G9' > 99 i.e. if
y2 dRT >1.
RT dT KRT
Making use of (2.6.1) to substitute for -RT the conditiondT
for instability becomes
V2  2.303 a (4.2.1)
KRT T2
An important case occurs at or just before ejection of
the nose-cone, when the thermistor temperature might be
rather high, yet the altitude so great that K is very
small. For an example, consider a typical thermistor
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ejected at 65 km where ~K ~~15 x 10- watt C with T
equal to a conservative 3000K. A typical value of RT might
then be 5 x 10 ohms, with a 1600. With V = 6 volts
the left-hand side of (4.1.5) is 1.9 so in this example an
instability would have.resulted. Rocket soundings which
appeared to have instabilities of this-type have been des-
cribed to the author by Mr.P.J. Harney, of the Aerospace
Instrumentation Laboratory, A.F.C.R.L.
4.3 Method of Measurement
The dissipation rate was measured by observing the re-
sistance of the thermistor when each of two different meas-
uring currents were used. The bridge and recording circuit
described in 3.3(a) were used, the currents being measured
with a Leeds and Northrup potentiometer.
Let the two measuring currents be I and I2,and R
and R2 the corresponding resistances after allowing suffic-
ient times for the temperatures to stabilize. Then R1 and
R2 enable the tempei-ature difference AT to be evaluated,
while the difference in electrical heating powers is given by
AQ, = R2 1 2R
Then K= .
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The measurements were carried out with the thermistors
mounted in the small enclosure as for the radiation tests
(3.3(d)). This provided the same advantages as described
in that connection. Generally I was chosen so that the
associated temperature rise was very small (Q m 1 microwattI - e
typically) while 12 was made sufficient to give a temper-
ature riEe of 3 - 10 0C. The two measurements concerned
were carried out as closely as possible together to avoid
.changes in ambient temperature between tests. In many cases
the test with the smaller current I was repeated immediately
after the second test and the mean temperature used, but in
almost all instances the rate of drift was so small that this
precaution was superfluous. For use in the calculation of
the reflectivities, (3.6(c)), a special measurement of K
was made under high vacuum using a heating current which gave
a temperature rise of the same order ( perhaps 20-30 0C) as
that obtained with the radiation.
4.4 Results
Fig.37 shows plots of temperature rise vs electrical
heating power for a Gulton X2047 thermistor at three'differ-
ent pressures. The relation is seen to be linear as implied
by the above discussions, the slopes corresponding to .
This result is of some importance as it justifies the assump-
FIG 37. TEMPERATURE RISE OF X2047 THERMISTOR VS POWER DISSIPATION.
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tion of a linear relation between temperature difference and
heat transfer used throughout this work. Subsequent measure-
ments of K required determination of only two points as de-
scribed above.
Fig.38 shows plots of the measured dissipation rate as
a function of pressure in still air for four thermistors. As
was the case with the radiation temperature rise, K is fair-
ly constant from sea level pressure down to a few millimeters
of mercury, with the smaller thermistors starting to change
at higher pressure. The curves at very low pressures level
out to values dependent on the particular lead length and
long-wave radiation conditions used in the tests.-
Results for other thermistors are given graphically in
Appendix 2.
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FIG 38. MEASURED DISSIPATION RATES OF THERMISTORS.
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CHAPTER 5
CONDUCTION OF HEAT FROMI THE SUPPORTS
5.1 Introduction
In general the supporting posts to which the thermistor
is attached do not have the same temperature as that of the
surrounding air. This may be due to their large thermal
mass, heat conduction from the instrument package and/or
absorption of heat from solar radiation. A certain amount
of this temperature difference is passed on to the thermis-
tor bead, ,the amount depending on the length of lead wire
used.
In high altitude balloon soundings this temperature
difference may be only a few degrees centigrade, but in
rocket soundings it may be very much more especially at the
highest altitudes. This is because the rocket attains its
maximum altitude so rapidly that the rocketsonde is still
near its launch temperature when the noce cone is ejected.
In many cases, aerodynamic heating during the ascent re-
sults in even higher temperatures. Walker (1965) quotes
temperatures near 100 "C for skin temperatures of the in-
strumented "Dart" system when using ablative coatings.
For the Arcas system Ballard (1966) has mentioned a thermistor
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temperature of 800C immediately prior to nose cone ejection.
This author has however stated that by experimenting with
thermal shielding of the sensor unit within the nose cone he
had been able to reduce this figure very considerably.
In a very large number of rocket soundings the measured
temperatures have been too hig& because the method of mount-
ing allowed these high temperatures, which persist in the
instrument package and mounts for a considerable time because
of their slow response, to excessively influence the bead
temperature during descent.
5.2 Theoretical Expression for the Conduction Error
We shill consider only the steady-state (equilibrium)
case in which the air temperature is assumed to be constant.
This is applicable however, even when the air temperature is
changing provided the change is slow compared to the response
speed of the sensor (Chapter .7).
Consider a thermistor mounted as in Fig.6, and let 9
be the difference between the support post temperature and
the air temperature. Then the equilibrium temperature of
the thermistor bead, 6 2 0 is given by equation (3.1.7), i.e.
2kawp cosech pd
e20 = AThT + 2ka p coth pd 1
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It is often convenient to speak of the conduction error in
terms of the fraction
- 20 - 2kawp cosech pd 2ka p cosech pd
e AThT + 2ka p coth pd K
(5.2.1)
To determine the conduction error, e must be known as
well as the R.H.S. of (5.2.1) as a function of altitude.
Usually this is not possible, and instead an estimate of
81 must be used. This approach was taken, for example,
by ±i.K. Wagner (1964) in considering this problem, but in
that case no account was taken of the effects of convection
on the lead wires. The variability of the correction to be
applied for lead wire conduction depends primarily on the
ratio (20 given by (5.2.1). Thus if 820 = 0.05, then
in order to know the correction to 1 0C we should-have to
know e to 120 0C.
Fig.39 shows (5.2.1) as a function of lead wire length
and heat transfer coefficient h , for a 15 mil effective
w
diameter thermistor bead having 1 mil platinum-iridium lead
wires. The appropriate values of hT for use with the as-
sumed values of h were estimated from Fig.34. Also plot-
ted on this figure are the curves for a "O mil" bead using
the same wire.
MIAMI
---- 15ml Bead's-
o-01 -f -0 .Omil Bead
. .Result for 15 mil bead
u 'when convection from lead
c wires is not considered. 1AC4
- 1 .
(h.,is In watt cnirVC,
Lead length, cm.
FIG 39. CONDUCTION ERROR FOR THERMISTORS USING 1 ml Pt -IRIDIUM LEADS.
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It is seen that for practical values of 20 the effect
of the thermistor bead is insignificant. With the aid of
this figure one can determine the minimum lead length requir-
ed to achieve a desired value of 20 when h- is given, or01 w
vice versa. Note that h is a function of pressure, vent-
w
ilation speed etc. which can be evaluated under a given set
of conditions from data given in this or other published works.
The question of the conduction error in actual soundings will
be taken-up in Chapter 11.
The above computations differ considerably from those of
authors who have not allowed for convection from the surface
of the lead wires. The calculations corresponding to this
erroneous assumption for a 15 mil bead thermistor are also
illustrated in Fig.39. It will be seen that except for very
small lead lengths and/or very small values of h the con-
duction error is greatly overestimated. In addition, the
greatly increased benefits obtained by increasing the lead
length are not correctly represented.
Fig.40 shows the same computations for 0.7 mil platinum-
iridium lead wires as used on Veco 5 mil thermistors. This
time the effect of the bead was neglected, so that (5.2.1)
reduced to
20 sech pd (5.2.2)
I n M1 I
0-1
0
Q
-
0
0-01
Lead length, cm.
FIG 40. CONDUCTION ERROR FOR THERMISTORS USING O-7mil Pt-IRIDIUM LEADS.
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5.3 Experimental Methods
After some preliminary tests it was found that direct
testing to determine the conduction error was not practical
with the equipment available. Thus any attempt to artific-
ially heat the thermistor supports above ambient temperature
in still air resulted in a region of heated air collecting
around the supports which to some extent enveloped the ther-
mistor bead. In an actual sounding there would be a flow
of undisturbed air around the thermistor and this would not
happen. (Note that in measurements from floating balloons
there is no ventilation and extra long lead wires might be
necessary to avoid this effect). To properly carry out
tests of this type a-low density wind tunnel would be re-
quired.
To a considerable extent the measurement of the heat
transfer coefficients carried out in Chapter 3 provides the
necessary experimental data for estimation of the conduction
error as a function of- pressure, through (5.2.1). Since
we could not experimentally check the validity of (5.2.1) we
were at least able to check the validity of a relation based
on the same type of assumptions - the expression for the dis-
sipation rate
K = 2kawp coth pd + hTAT
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This was done by measuring K as a function of pressure on
the same thermistor, but with three different lead lengths.
The tests with the longest leads were made first after which
the thermistor was re-mounted on a new mount having smaller
post separation. Care was taken not to contaminate the bead
or the lead wires during the mounting process.
5.4 Results
Fig.41 shows the results for a Gulton type X2047 alum-
inized thermistor. The lead lengths were di = 0.395 cm,
d 0.725,cm, and 4 z 1.46 cm. Notice that the two long-
er lead lengths gave the same values for K down to a pres-
sure of about 3 x 10-2 mm mercury. The values of K com-
puted from the heat transfer coefficients given in Fig.34 are
also given, and there is seen to be reasonably good agreement.
From the measurements at high vacuum it was possible to
deduce the thermal conductivity k of the lead wires. De-
noting the three values of K by K1, K2, K corresponding
to lead lengths d , d2, d3 we have
K - K2 = 2kaVp (coth pd - coth pd2)
together with two similar relations. The value of h' re-
quired in p was estimated by putting G 0.08 although
the result was not sensitive to this choice. The other
MEASURED AND COMPUTED DISSIPATION RATE FOR DIFFERENT LEAD LENGTHS.
U,
U'
0
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FIG 41,
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quantities being known, graphical solution of these relat-
ions gave three values for K. The results were
K 1
8.82 x 10-
K2
5.64 x 16Q
K3
3.48 x 106 watt OC~l
k(1,2)
0.28
k(2,3)
0.34
k(1,3)
0.30 watt cm~ 1 oC~.
The mean value of k, 0.31 watt cm-1  C was the same as
the published value for platinum-iridium alloy.
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CHAPTER 6
ERRORS DUE TO LONG-WAVE RADIATION .
6.1 Introduction
In addition to the radiation received directly and by
reflection and scattering from the sun, which for the most
part consists of relatively short wavelengths, the thermis-
tor exchanges energy with its environment by means of long-
wave (thermal) radiation characteristic of the temperatures
involved. In the atmosphere this exchange of energy is ex-
tremely complex, for the radiation intensity and its spect-
ral composition at any point is a function of the direction
from which it is received, and also changes considerably
with atmospheric conditions.
Since some of this radiation originates in the atmo-
sphere itself, by emission from carbon dioxide and water
vapour, the intensity in the spectral bands concerned is
to some extent a measure of the atmospheric temperature.
It is possible to devise a thermometer working on this prin-
ciple. However Johnson (1953) shows that. in the lower trop-
osphere the effective sampling value of such an instrument
in cloud-free air would be a sphere of -W to li miles radius,
depending on the wavelength band chosen. Of course this
1111 I"' milliql mlmmlmIIII w
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would be for an instrument which filtered out and measured
only this wavelength band. In the upper atmosphere the
amounts of carbon dioxide and water vapour present are vast-
ly less, so the effective sampling volume would be enorm-
ous. In the case of a thermistor there is no selection of
wavelength bands, so it is obvious that any long-wave rad-
iation exchange must be considered a source of error rather
than a possible beneficial influence on the measurement of
air temperature.
Because of the complexity of the problem it is necessary
to make gross simplifications in treating the errors produced
in the thermistor. It is assumed that the upward component
of the radiation flux can be considered due to a black body
of temperature Teb. Similarly the downward component,
from the atmosphere above the thermistor is considered as a
black body flux of temperature T and the radiation fromea
the instrument package that due to a black body of temperat-
ure T . The thermistor and its lead wires are assumed to
be grey bodies.
The greatest possible exchange of thermal rdiation
would occur if Teb = T = T = 00K. Then the rate of
heat loss per unit area of any part of the thermistor would
be GcrT4. Putting T - 273 0K, and r= 5.70 x 10-12
watt cm 2 K 4 we see that- this is of the order of
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Q, x 3 x 10- 2 watt cm- 2
This may be compared with the energy absorbed per unit cross-
section area from the direct solar ra&iation,
Q, = sJ= , x 1.39 x 10~ watt cm-2
Since the area involved with Q is 3-4 times the area in-
volved with Q ,, from geometrical considerations, we see
that for comparable 6, and the heat transfer rates
are comparable. It is therefore just as important to have
a thermistor coating with small emissivity in the infrared
as it is to have high reflectivity in the solar radiation
range. In general this is realized with metallic coatings,
but not with reflective paints.
6.2 Theoretical Expression for Temperature Error
The expression for the temperature error may be derived
in a similar manner to that used for the solar radiation error,
equation (3.1.8), if we assume that the error is small (less
than 15-200C). The result is
4icr E.tw
420). (coth pd - cosech pd) + C AAT
2 20 L hTAT + 2 kawp coth pd
(6.2.1)
Q (IT4 +1- 2r( 4 +V
L+e 2 Tea + p - T4where
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Y depends on the angle subtended by the instrument package
at the thermistor. In this expression, *T is taken as the
measured (bead) temperature, so that T = Tair + 02 *
(6.2.1) is therefore a quartic equation in T. However in
most cases a satisfactory approximation will be obtained if
T is taken as Taire
It should be noted that for miniature bead thermistors
the contribution of the lead wires to this radiation error is
a significant item, just as it was in the case of the solar
radiation error.
6.3 Experimental Methods
From the discussions in the above two sections it is
evident that the primary quantities deteriining the long-
wave radiation error of a thermistor are e and 41w ,LT
Since all other quantities appearing in (6.2.1) had already
been studied the experiments were concerned only with the
measurement of the emissivities.
To distinguish between 6 and 6%T it would have
been desireable to carry out a test in which radiant energy
was supplied substantially to the bead alone, as was done
in the case of solar radiation. This is much more difficult
to do, however, because of the very small size of the beads
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and the greater difficulty of ensuring closely controlled
conditions. For this reason it was decided to attempt to
measure only an "effective eimissivity", combining
and CAT . For metallic coatings on the beads we would
expect GCw and G4T to be comparable, and in any case
the results will give substantially the correct answer when
applied to the evaluation of the error in the atmosphere.
The device used for the measurements is shown in Fig.42.
The principle of the method was to subject the thermistor,
.including its lead wires, to black body radiation inside an
evacuated enclosure of temperature T2, while holding the
temperature of the thermistor support posts at a constant
temperature T1. Under these conditions the thermistor bead
assumed an intermediate equilibrium temperature TT at a point
where the net heat gained by radiation was equal to that lost
by conduction through the lead wires.
The heated enclosure was
inch long, 7/16 inch outside
diameter. A 3/32 inch slot
itate the installation of the
thermistor had been installed
a copper slide. The insides
were blackened with optically
a hollow brass cylinder 7/8
diameter and 1/4 inch inside
was cut down one side to facil-
mounted thermistor. Once the
this slot was closed off with
of the enclosure and slide
flat black paint.
qII-~
Heating unit attached to
soldering Iron bit
DEVICE FOR LONG-WAVE RADIATION TESTS.
-Mounted thermistor
in place
FIG 42
FlG.43. Apparatus for Testing Response of Thermistors
to Long-wave Radiation.
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The thermistors were mounted on mounts of the type
already described in section 3.3(d). These mounts were
designed so that the thermal contact between thermistor
support posts and the base-plate was a maximum. The whole
was enclosed in a heavy-walled brass box of sufficient ther-
mal capacity that it and the thermistor mount remained at a
substantially steady temperature while the inner enclosure
was being heated.
The heating unit was an "Oryx" miniature soldering iron
which protruded into the brass box from the side. Power
was supplied to this through insulated feed-throughs in the
pump plate. Four number six dry cells provided the heating
current, which was regulated by a rheostat and a small am-
meter.
Copper-constantin thermocouples were soldered to one
of the thermistor support posts, and to the heated cylind-
rical enclosure. The outputs of these were amplified by
Weston Inductance Amplifiers and displayed on an Esterline-
Angus recording milliammeter. An ice bath was used for the
- reference Junctions.
The measurements were carried out under a vacuum of
better than 2-4 x 10-5 mm mercury obtained with the aid of
the diffusion pump. After noting the thermocouple outputs
C #
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and the thermistor resistance (recorded on the Sanborne Rec-
order) a heating current of about 0.2 amps was applied for a
short time, after which it was decreased to allow the various
temperatures to become steady enough to take readings. The
process was repeated to obtain further sets of readings up to
a maximum heating of about 25 0C above ambient. Nore readings
were taken as the system cooled. The response time of the
enclosure to heating or cooling was always much slower than
the thermistor time constant so it was not necessary to wait
for absolutely steady conditions before taking a set of read-
ings. From one to two hours were required for the complete
tests, during which time the support post temperature chang-
ed a maximum of 0.50C.
6.4 Calculation of the Emissivities
Assuming that the radiation heat transfer can be linear-
ized by introducing h= 40,o-T as in section 3.2, it
will be found that equation (3.1.7) applies. This equation
can be written in a form more suitable for computations, i.e.
20 =cosh pd + .T sinh pd (6.4.1)
In this equation,
91 = (Tenclosure 
-T supports)
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20 T enclosure - Tbead)
pI
Note that we have assumed h' = h'w T
The tests give e1  and a20, allowing the right-hand
side to be solved (graphically in the present case) for h'.
Since T is known to sufficient accuracy, 6 can then be
calculated. For example, if T = 3100 , 6 = h
' 6.9 x 10-4
The lead lengths used of ~1.3 cm allowed about 1 mm to
project out of each end of the heating enclosure. No cor-
rection was applied for this. If Gx is the small length
of lead adjacent to the supports which is not influenced by
the radiation it can be shown that the correction factor in-
volves a term of the form 1 + Ex2, which was not signifi-
cant in this case.
6.5 Results
Fig.44 shows 6raphically some of the readings obtained
with the above device. The lines have a slight curvature
corresponding to the variation of T3 . -For calculation of
G , only one pair of points, that corresponding to
6 = 20 0, was read off each curve.-
.E
4,40
0C.
0.
C.
(n
I
CL
E
0.
OD
0
5 10 15 .Heater temp - Support post temp, *C.
FIG 44 RESPONSE OF THERMISTORS IN L/W RADIATION TESTS.
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The measured emissivities are given below in Table 6.
TABLE 6. Measured Emissivities of Thermistors.
Number l620 d Visual Condition
C 0C. cm Bead Wire
G-5 20 14.5 1.30 .08 _good good
G-9 20 13.5 1.29 .11 good good
G-11 20 11.1 1.26 .16 fair poor
G-7 20 9.5 1.25 .24 poor bad
F-2 20 11.6 1.25 .15 poor poor
GB-2 20 7.2 1.30 .93 (of black bead) - fair
Except for G-9, which was an aluminized thermistor whose sur-
faces appeared'in very good condition, all of these thermist-
ors have been discussed in Chapter 3 in connection with their
response to short-wave radiation.
In general the values of C4 are lower than the values
of G measured in Chapter 3, although they are still some-
C
what higher than those expected of polished metallic surfaces..
There is considerable variation according to the state of the
surfaces.
The emissivity of the black bead GB-2 was deduced as a
test of the method, by assuming that G was 0.10. The
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agreement is satisfactory, for the overall accuracy of the
method is probably about 10&.
To a limited extent the dissipation rate K(O) measured
as described in Chapter 4 under high vacuum can be used to es-
timate the emissivity. Thus
2h 
2h
K(O) 2ka coth -w+ h't A
wkr kr T T
However, for lead lengths of 1 - -1.5 cm as used this quant-
ity is actually rather insensitive to h', except in the case
of a black thermistor.
The spectral content of the radiation used was that of a
black body at 310 to 3200K. In the atmosphere, the major
source of error is loss of heat from the thermistor to the
atmosphere above, so that it is the emission of black body
radiation at the thermistor temperature which is important.
This temperature ranges between about 200 0K and 3000K. The
wavelength of peak emission varies as only I and the black
body curves for these temperatures are rather broad, so the
conditions under which the emissivities were measured above
should have been an adequate simula'tion of the atmospheric
conditions.
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CHA2TER 7
DYNAMIC RESPONSE OF THERIISTORS
7.1 Introduction
The speed with which a thermometer approaches the ambient
air temperature after exposure, and its ability to respond to
rapid changes in air temperature, is usually expressed by the
"time constant", ' . 'Z' is defined as the time required for
the sensor to record 1.-- 63% of a step change in ambient
e
temperature..
For a simple system, the heat loss is proportional to
the temperature difference 6 existing between the thermo-
meter and the air. Writing the heat loss as Y9 and letting
C equal the thermal capacity, we have
dt 0
Therefore
e when 6 = 60 at t = 0. (7.1.2)
0
The response is exponential and the reason for the definition
of 't given above becomes clear. In this case, of course,
C
t=d.
'FIF4llllilM11111l1ll 111lll 11Il'IlllMININEUnMMmm
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The response speed of a rocketsonde thermistor is partic-
ularly important because, as mentioned in section 5.1 above,
the temperature of the thermistor and its mounting may be
many tens of degrees warmer than the surrounding air when the
sensor is first exposed. Since the rocketsonde fall rate is
very large at the highest altitudes a good deal of the record
may be lost if the thermistor does not respond rapidly.
In theory a correction can be applied on the basis of
(7.1.1), for the error ' is given by
dG
where is the rate of change of temperature as measureddt
by the thermistor. In practice can only be obtaineddt
as an approximation and the correction determined in this way
is subject to considerable uncertainty if -C is large.
An alternative approach has been used by N.K. Wagner
(1964). In Wagner's work the correction was calculated for
a sounding in a standard atmosphere using an assumed initial
temperature, and it was proposed that this correction be ap-
plied to all actual soundings, since it would represent
mean conditions.
Both methods require knowledge of T' . Since T de-
pends on the rate of heat exchange between the thermistor
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and the air, it is a function of pressure, ventilation
speed etc. and in general increases with altitude. Thus,
the response of a rocketsonde thermistor -is slowest at the
point where a fast response is.desired.
For a number of reasons there are difficulties in com-
puting 'Z from the heat transfer rates and the heat capac-
ity of the thermistor bead. Ney et al (1963) point out
that for objects of very small size, the heat capacity of
the heated air adjacent to the objects may be comparable
with the heat capacity of the bodies themselves. Accord-
ing to Ney, failure to allow for this can result in an
underestimation by a factor of 2-3 of the time constant
of a 1 mil diameter wire thermometer. It is not clear to
what 'extent this effect would be important in the response
of small thermistors. It is not thought likely that the
effective heat capacity of the beads would be significantly
changed, but presumably the response of the lead wires
would be influenced. A large part of the heat flow from
a miniature thermistor bead is via the lead wires, so the
response of a small thermistor to a change in air temper-
ature depends- significantly on the response of the lead
wires and on the mounting used.
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7.2 Laboratory Measurements of the Time Constant
The ideal method of measuring T would be to observe
the response to an actual step change in air temperature.
This is not difficult to arrange at sea level pressures but
problems are encountered at the low pressures of.interest in
this work. A simpler method of measuring the time constants
of these small thermistors is to heat them above the temper-
ature of the ambient air and then to observe their rate -of
cooling after sudden withdrawal of the source of heat. The
time constant may also be derived from the rate of heating
if the onset of heating is made sufficiently sudden. The
source of heat may be a beam of radiation, or an electrical
current passed through the thermistor bead. MleasurementE
of this type have been described by Ballard (1961) and Hampel
et al (1959)
This simpler method was the one used in this work. How-
ever it should be pointed out that the method is not exectly
equivalent to the use of a step change in air temperature.
This is because the initial and final temperature distribut-
ions in the lead wires are not the same in each case. It will
be shown theoretically in Appendix 4 that for the simple "1post"
type of thermistor mount, which is the one with which this
work is principally concerned, the error is small for the
particular thermistors tested. On the other hand this method
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may give quite erroneous results if used with thermistors
mounted in a more complicated manner, for example the "foil"
mounts now being used by some rocket network ranges.
7.3 Experimental Aethod
The time constants were measured with the thermistors
mounted in the small sub-enclosure as for the radiation tests
described in Chapter 3. When the source of heat was to be
radiation this was controlled by a camera shutter situated
under the window in the pump plate. For the electrical
methods, the response to heating was observed by balancing
the bridge circuit (section 3.3(a)) with a suitably high
measuring current, switching off for a short time, and
then recording the thermistor warm-up when the current was
switched on. To observe the cooling part of the response
a separate heating unit was built, the circuit of which is
shown i~n Fig.45. While the heating current was being ap-
plied to the tuermistor a dummy resistance load was connect-
ed across the measuring circuit to keep the Sanborne record-
er on scale. On throwing a DPDT switch the thermistor was
disconnected from the heating circuit and substituted for
the dummy load across the measuring circuit. A measuring
current which was much smaller than the heating current,
was used.
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The response of the thermistor during these tests was
recorded with the Sanborne recorder,, using a suitable
chart speed. Time marks placed automatically on the rec-
ord at 1 sec intervals allowed calibration of the time-scale.
For the thermistors used it was soon found that all
four variations of the method gave the same results within
the limits of accuracy of about 5% obtainable. Since the
latter variation described involved~the simplest testing
procedure the great majority of the measurements were made
this way.
To evaluate the time constants from the recorder re-
cords the following procedure was adopted. A suitable
time-scale divieion of the recorder chart as near as poss-
ible after the actual start of the cooling/heating curve
was selected as t = 0. The ordinate of the curve, C0
at t 0 was noted, along with the ordinate C. of the
CO0 - C.0final steady value. The quantity was computed
e
and this either added or subtracted from C0 to find the
ordinate corresponding to t = . It was then given by
the time at which this ordinate was achieved on the cooling/
heating curve (bearing in mind the calibration of the re-
corder time scale).
The recorder divisions were proportional.to the ther-
mistor resiEtance rather than to 'temperature, in terms of
FIG 45.
o I
0
L
0
O-
0-
HEATING UNIT FOR TIME CONSTANT TESTS.
FIG 46, CORRECTION TO r FOR NQNLINEARITY OF R-T CURVE.
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which Z is defined. Since the resistance/temperature
characteristic of thermistors is highly non-linear the above
procedure can lead to significant errors for temperature
changes greater than one or two degrees. To take this into
account a correction factor was computed as a function of
the total temperature change which, when m'ultiplied by the
apparent time conctant as determined above gave the correct
value of Z appropriate to an exponential temperature re-
sponse. Fig.46 shows this correction for typical thermis-
tor material. Notice taat the correction factor is greater
than one for heating curves and less than one for cooling
curves, and that the error is 5% for a temperature change
of 30C.
All results given below have been corrected in this
manner. In the majority of cases the actual temperature
change used in the tests was 3 - 54C.
7.4 Results
Fig.47 is an example from a recorder chart showing a
Veco 5 mil bead thermistor cooling after having been heated
electrically. This same cooling curve is shown re-plotted
on a semi-logarithmic scale in Fig.43.
Fig.49 shows the measured time constants of four
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Fig 47. Recorder Chart Showing Response of 5 mil Thermistor in Time Constant Tests
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thermistors, including a thinistor, as a function of
pressure. These values apply of course to still air (no
ventilation) conditions. The effect of ventilation will
be discussed in Chapter 8, but we shall remark here that
it is large for pressures higher than 20 mm mercury and
minor for pressures lower than about 2 mm mercury. The
very much faster response of the small bead thermistors
is clearly shown, although as in the case of the radiation
error, the relative advantage decreases at lower pressures.
At very low pressures all of the thermistors show a
levelling off, due to the predominance of heat conduction
through the lead wires and long-wave radiation loss to the
enclosure walls over the heat loss to the air. The pres-
sure at which this levelling off takes place depends most-
ly on the length of the lead wires. If the latter are
too short the time constant is decreased, but only at the
expense of greatly increased conduction error (Chapter 5).
As a general rule, if the time constant is influenced
significantly by conduction to the supports then the con-
duction error will almost certainly be prohibitive. The
effect of varying lead length is illustrated more clearly
in Fig.50, which shows the time constant for the same
Gulton X2047 thermistor when measurements were carried
out with different lead lengths.
101
O-
Pressure, mm mercury
WITH DIFFERENT LEAD LENG T HS.CONSTAN TSMEASURED TMEFIG 50,
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For the simple system described by equation (7.1.1)
we can identify Y with the dissipation rate K. It is
seen that for such a system the product K- should be
constant and equal to the heat capacity C. That.this
is not the case with the miniature bead thermistors is
readily verified by reference to Figs.49 and 38. For
example, at 760 mm mercury Kz for the 5 mil bead ther-
mistor is 4.7 x 1-6 joule 0C- and this value increases
with decreasing pressure to a limiting value of 10.8 x 10-6
joule 0C~ under vacuum. This result would suggest that
heat capacity of the lead wires plays an important part in
determining the dynamic response. A similar trend is
present in Kt with the larger thermistors, but not so
marked. This is to be expected, for the heat capacity
of the lead wires is then smaller compared to that of the
beads.
It is of interest to compare the effective heat cap-
acity of a typical bead thermistor comiputed from the prod-
u'ct Kt with estimates of C from published data. At
1.0 mm mercury Kt for the 15 mil thermistor G-5 is
5.3 x 10-5 watt 0C-1 x 1.5 sec = 8.0 x 10-5 joule 0 C~
According to estimates given in the Wright Instrument
Company report (1961), the mean specific heat of a ther-
mistor bead is about 0.5 joule gm~1 C ~1 and the mean
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density 3.9 gm cm~. Taking the measured volume of G-5
-5 3as 3.8 x 10- cm , the heat capacity estimated in this
-5y os l
way is 7.4 x 10 joule C . The agreement is very
good especially when one considers the heterogeneous com-
position of a thermistor bead. For the 5 mil thermistor
the heat capacity estimated from the Wright aata is
3.4 x 10-6 joule orl. This agrees with KT at sea
level pressure, but at lower pressures the effect of
the lead wires is evidently important.
Measured time constants as a function of preesure
are given for further thermistors in Appendix 2. It will
be noticed that there is considerable variability even be-
tween beads of the same nominal size. Table 7 shows the
measured time constants of Gulton 15 mil thermistors in
still air at IiSL pressure. Since the time constants at
other pressures are approximately proportional a similar
variability would apply to all altitudes.
TABLE 7. Time Constants of Gulton 15 mil Thermistors at MSL.
Number G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 G-10 G-12
Tsec 1.2 1.4 0.9 0.6 0.9 1.0 0.6 0.5 1.3 0.9
Vol,10 5 cm3 - 6.0 3.4 2.3 3.8 3.7 2.0 1.6 - -
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CHAPTER 8
THE EFFECTS OF IOTION THROUGH THE AIR
8.1 Introduction
In the majority of applications of thermistors to the
measurement of atmospheric temperatures there is some relative
motion of the air with respect to the thermistor. In the
case of a rocketsonde this results from the dropsonde's fall
through the atmosphere.
The tests described in the preceding chapters have all
been carried out in still air. This was because the experi-
mental techniques and the equipment required were very consid-
erably simplified. We shall see also that apart from aero-
dynamic heating the effect of ventilation at ordinary speeds
on the miniature thermistors is small at 100,000 ft and neg-
ligible above 150,000 ft altitude. Therefore the results of
these tests are directly applicable in the upper part of rock-
et soundings where the errors are greatest. Provided the
thermistors are properly exposed, the results are of course
applicable to floating balloons at all altitudes.
Below 100,000 ft altitude the relative motion of the air
hap considerable effect on the convective heat transfer,
such that in all cases the errors described above are less
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than the values applicable to still.air. Because the rocket
sounding do extend down into this region, and because there
are so many other applications of thermistors in which lower
altitudes are of interest it was felt that the usefulness of
this work would be greatly enhanced by a study of this topic.
8.2 Discussion of the Experimental Technique
The method used to simulate the motion of the thermistor
through the air was to place the thermistor at the end of an
arm which rotated inside the vacuum bell jar. Such a method.
has been used previously by Sion (1955) in the study of the
time constants of radiosonde rod thermistors. Hampel et al
(1959) also used the method to study the effect on the time
constant of a 10 mil bead thermistor at pressures down to
about 1 mm mercury, but their report does not show the var-
iation explicitly, only at particular combinations of vent-
ilation speed and pressure.
Devienne (1957,1958) has used the revolving arm tech-
nique in studies of heat transfer in rarified gases. His
later report contains a discussion of the advantages of the
technique over other methods, as well as some of the disad-
vantages. This paper was found very useful in 'the design
of the apparatus.
'"!" " 1 1lMNIMIMEI
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One of the more obvious questions concerning the revolv-
ing arm method is whether the air in the bell jar is appreci-
ably driven around by the arm. Devienne has carried out very
careful measurements and concludes that there is no drive of
the air at pressures of 2 mm mercury and lower. At atmos-
pheric pressure there is some drive, but not much with a
properly designed arm. Sion estimated less than 2.2% of
the arm speed for his experiments. In the experiments to
be described below, the drive was measured at 4% at sea
level pressure.
For high arm speeds there is a certain amount of heat-
ing of the air near the arm, especially at high pressures.
Devienne concludes that so long as any temperature changes
are measured with respect to this higher ambient temperature,
heat transfer measurements taken with the arm are valid at
all pressures.
It was not of course possible to measure the response
of the thermistors to radiation while they were being rotat-
ed. However it was possible to measure the dissipation rate
K, and from this obtain a good estimate of the radiation
error in terms of tne still air measurements. We recall
that the tempei-ature rise under radiation is given by equat-
ion (3.1.9)
J G A'T+ sT T
/2h
P rwhere
For pressures sufficie
ilation is important,
J CsTA for typical s
It follows that to a f
is inversely proporti
and 'K = 2ka p + hTAT
ntly high so that the effect of vent-
4 e5 ,Jr
the term is 1/2 to 1/5 of
p
mall bead thermistors when 6 s
irst approximation the radiation error
onal to K. Therefore
2 2 K( vO)2e 2(v X (V) (8.2.1)
The relation (8.2.1) will in any case give an upper limit for
the radiation error, because p increases with increasing
ventilation velocity v.
Similar considerations apply for the long-wave radiation
errors. The measuring current error is of course given dir-
-ectly by K. It is assumed that the lead lengths are suffic-
ient to eliminate the conduction error, for at pressures
above about 10 mm mercury where ventilation effects are im-
portant only a few millimeters of 1 mil platinum-iridium alloy
wire are required even in still air.
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8.3 Description of Apparatus and Procedure
(a) General Requirements
A schematic drawing of the rotating arm device is shown
in Fig.51. The fall rate of a rocketsonde is very consider-
able at the highest altitudes because of the very low drag
afforded the parachute. In a typical sounding speeds as
high as 400 miles per hour may be reached, which result in
considerable aerodynamic heating errors in the temperature
measurement. For this reason it was desired to have the arm
capable of achieving enough speed to allow measurement of the
thermal recovery factors of the thermistors. (These measure-
ments will be described in Chapter 9). In practice this
meant a minimum simulated speed of about 120 mph and prefer-
ably 200 mph or faster. To achieve such speeds with an arm
radius of 6 inches, as dictated by the 15 inch bell jar, a
rotation rate of at least 3500 rpm and preferably 6000 rpm
was required.
(b) Construction of Rotating Arm Unit
Since it was not desireable to have a variable speed el-
ectric motor within the vacuum chamber a rotary-motion vacuum
seal was required. A feed-through capable of this speed was
feasible, but being a special item, would have been costly.
SLIP RING AND
BRUSH ASSEMBLY
VACUUM PUMPi PLATE
-ROTARY MOTION VACUUM
SEAL
ROTATING ARM
SCALE: | I I INCHES
0 I 2
FIG. 51.
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FIG.52. Rotating Arm.
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A small ball-bearing rotary motion feed-through capable of
speeds up to 3000rpm was available as a stock item from the
National Research Corporation, so it was decided to use one
of these in conjunction with a 3:1 step-up gear drive inside
the vacuum system.
Some care had to be taken in-the design and construction
of the unit to obtain safe, smooth operation at the highest
speeds desired. At speeds of 6000 rpm centrifugal accelera-
tions approaching 10,000 G were developed at the end of the
arm and the thermistor mount had to be able to stand this
with a suitable safety margin. The arm was made of 0.036
inch stainless steel. The thermistor was mounted between
two extending rods of 0.050 inch diameter stainless steel
wire which were clamped to the main part of the arm with'a
grooved steel clamp. These rods passed through fiberglass
sleeves at the position of the clamp to provide electrical
insulation. Before tightening the clamp down, the sleeves
were liberally soaked in epoxy bonding material.
The arm was attached to a length of i inch precision
steel shafting which ran in two high-speed precision ball-
bearings. This shaft was driven from the rotary feed-
through via two P.I.C.precision spur gears.
It was extremely important to have the arm perfectly
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balanced. This was done by removing the arm from the unit
and temporarily mounting it on a 3 inch length of shafting,
which was then held horizontally on two precision ball-
bearings of very low friction. Balancing within one or
two milligrams was achieved by removing material from a
small pocket of lead let into the brass counterwieght on
the arm. Because of their very small mass it was not nec-
essary to make any adjustments when different thermistors
were mounted on the arm.
Two copper slip-rings were mounted on the shaft just
below the arm for the electrical connection to the thermis-
tors. Contacts to these were made by carbon brushes, two
to each slip-ring connected in parallel to minimize any
possibility of erratic behaviour.
The entire unit was bolted on to the pump plate in the
position previously occupied by the unit containing the
window for the radiation tests. O-ring seals with the
correct gland dimensions for high vacuum use were included
between the aluminum gearbox and the mounting flange, and
between the mounting flange and the pump plate.
Power was supplied by a i H.P. "Bodine" shunt-wound
D.C. motor operated by a "tieller" S-12 speed controller.
The motor was bolted to one end of the Dexion'trolley and
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power was transmitted to the arm unit by means of a P.I.C.
"no-slip" drive belt and P.I.C. toothed pulleys. A sel-
ection of the latter were available, allowing ratios of
1:1, 1:2 and 22:64 between the motor and the arm unit,
(c) Measurement of Rotation Speed
/*
The rotation speed of the arm was calibrated against
the speed controlier dial setting for each of the three pul-
ley combinations, by measuring the former with a General
Radio "Strobotac". After an initial break-in period these
calibrations (which were frequently checked) remained stable.
It was found much more convenient to carry out subsequent
tests at pre-determined controller settings rather than to
actually measure the speed of rotation for each individual
test. When the 1:1 pulley was used the calibration at the
higher speeds depended noticeably on the pressure in the
bell-jar, showing that the speed regulation provided by the
controller was-not perfect.
(d) Allowance for "Drive" of the Air
To determine the amount of "drive" of the air within
the bell jar, the sensine, unit of a Hastings air meter was
temporarily mounted through one of thfte accessory holes in
the pump plate, with the head as close as possible to the
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path of the thermistor. Tie output of the air meter was
determined as a function of the rotation speed of the arm.
Fig.53 shows the results of this test, which was only poss-
ible at atmospheric pressure,
,3
E
E
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Spee d of end of arm, m/sec.
60
FIG.53. Drive of Air in Bell Jar, MISL Pressure
It is seen that the "drive" was 4% at sea level pressure.
It was expected on the basis of Devi-enne's results that
there would be no drive at very low pressures. Therefore,
in constructing the final calibration curves of thermistor
airspeed vs controller settings the "drive correction" of
4% at KS.,- pressure was arbitrarily decreased in direct
proportion to the pressure. Fig.54 shows typical calibra-
tion curves for the three pulley ratios used.
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SPEED CONTROLLER CALIBRATION.
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(e) Test Procedure
Two sets of measurements were made at various pressures
and rotation speeds. These were the dissipation rate K
and the time constant Z . The method of measurement of
these quantities was exactly the same as that used for the
still air tests already described, the electrical method
being used for .
8.4 Results
Measurements of the time constant and the dissipation
rate of 5, 10 and 15 mil (nominal) bead thermistors and
a thinistor as a function of pressure and air speed are pre-
sented in Figs.55-58. The lead length used in all cases was
-1.0 cm each lead wire.
The lack of dependence of these quantities on the vent-
ilation speed at low pressures is clearly seen. Near sea
level pressure, however, the ventilation speed had consid-
erable influence.
Two sets of measurements were made with the 'thinistor,
one with the pla'te perpendicular to the air flow and the other
with the plate parallel to the flow. However centrifugal
and aerodynamic forces caused deviations of up to about 200
from these orientations when the arm was rotating, and this
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may account to some extent for the fact that the results were
not greatly different. This distortion of the orientation
was readily observed with the "Strobotac".
The curves of 'K and '( vs pressure for still air con-
ditions given in other parts of this work may be extended to
take into account the effect of ventilation speed by using.
Figs.55-58 and the assumption that K or Z at a given
speed and pressure are proportional to the corresponding
values in still air. This assumption should give adequate
results so long as the Figure appropriate to the nominal size
of the thermistor in question is used.
Fig.59 shows the variation of K with airspeed at diff-
.erent pressures for the 10 mil bead thermistor. In this
figure K(v) - K(v=0) has been plotted against the air-
speed using logarithmic scales, and it is seen that consist-
ent with the accuracy of the data and the relatively small
number of points at each pressure, relations of the form
K(v) - K(v=O) = Avm hold, with m w 0.4 at sea level
pressure. This is the type of relation found valid fok heat
transfer from fine wires as used in hot-wire anemometry.
Thus, for example, Collis and Williams (1959) give a form-
ula of the type
Nu = A + B.Rem
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where in their case m o 0.45.
There are apparently no other published data of the
type presented above for thermistors available for compar-
ison. Some information was available, however, on the
heat transfer from spheres and fine wires under these con-
ditions and it was possible to reconstruct K from this.
Fig.56 includes a fev points computed in this way, using
the results of Kavanaugh (1955) for spheres in computing
the contribution hTAT of the thermistor bead, and the
results of Baldwin et al (1959) for the contribution 2ka p
of the 1 mil lead wires. The thermistor bead was assumed
to have tne same area, 3.0 x 10~3 cm , as VB-3, but the
smallest diameter (2.5 x 10-2 cm) -of the non-spherical bead
was used in the expression for the Nusselt and Reynolds num-
bers which appeared in the computations.,
The agreement between measured and computed results is
only approximate but satisfactory considering the departure
of the bead from sphericity and the possibility of local ef-
fects where the lead wires join the bead.
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CHAPTER 9
AERODYNAMIC HEATING ERRORS
9.1 Introduction
As mentioned in the preceding chapter, the fall velocity
experienced by a rocketsonde thermistor is very considerable
in the upper part of a rocket sounding, due to the very small
drag offered the parachute by the air. The actual speed de-
pends considerably on many factors, including the altitude at
apogee and the time at which the.parachute becomes fully deploy-
ed, but typical fall rates for the "Arcas" system, for.ex-
ample, might be 220 m/sec at 70 km and 120 m/sec at 60 km.
(Wagner (1964)). In addition to the fall velocity there may
also be'significant horizontal components before the parachute
bec9mes fully "wind sensitive".
Due to a combination of adiabatic heating and viscous dis-
sipation a thermometer exposed in a high-speed airstream will
.(neglecting all other sources of error) record a temperature
higher than a thermometer moving along with the flow. The ex-
tent of this temperature rise for a particular thermometer is
usually expressed in terms of the stagnation temperature rise
T - T T is the temperature which the moving gas wouldS O s
acquire if brought adiabatically to rest, and T is the free-
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stream temperature as recorded by the moving thermometer.
It is readily shown that
T
where 'M is the Mlach number. If T is the temperature re-r
corded by the thermometer, the thermal-recovery factor r
is defined by the relation
T - T
r =Tr 0  (9.1.2)
Ts 
- TO0
For thermometers operating in the lower atmosphere, r is a
number less than 1, but for small thermometers operating
in a rarefied gas, recovery factors greater than 1 are
possible. This result has been shown theoretically by
Oppenheim (1953) for free-molecule flow, where the rarefac-
tion is so great that the size of the thermometer is small
compared to the mean free path.
Oppenheim's results enable calculation of thermal re-
covery in terms of the Mlach number and geometrical propert-
ies of the bodies concerned. However, for the -small ther-
mistors of the type studied in this work the requirements
for free-molecule flow are fully met only above about 85 km
altitude. In the region of interest in a rocket sounding
the flow regime affecting the thermistor can be described
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as either "transitional" or "slip-flow" depending on the value
of the Knudsen number Kn where 'A- is the mean freeD
path and D -a characteristic dimension. Adequate theoret-
ical treatment is not available for the calculations of re-
covery factors in either of these regimes.
The amount of published experimental data directly ap-
plicable to this question is also very limited. To the auth-
or's knowledge there are no published experimental results
for actual bead thermistors taken under any conditions.
9.2 Experimental Method
The apparatus was the same as that used for the tests
described in Chapter 8. A second thermistot was mounted so
that its bead was less than 3/16 inch from the path of the
test thermistor. This can be seen in Fig.52. Its purpose
was to provide a reference temperature with respect to which
the temperature rise of the test thermistor was measured,
for, as predicted from the results of Devienne (1958),
there was a small temperature rise in the air in the vicin-
ity of the arm when the latter was in motion.
A special bridge circuit, shown in Fig.60, was built
to provide simultaneous recordings of the outputs of the
test and reference thermistors on the two channels of the
I k
~ ~Z ~'
k4v
I
Ib*~V
vyVy, vyvy
ThV4fw1v.j4.q' 2.
FIG. 60, TWO-CHANNEL MEASURING CIRCUIT.
1*40 0 0N r S
C.
WK
FAtf4..-
10 C. 10 toe%
Wr.,vZ%.$ee I
m
a
6 
- - 10
190
Sanborne recorder. A measuring current which produced no
significant self-heating in either thermistor at the low-
est pressure of interest was used.
The procedure was very simple. After the desired
pressure was set in the bell jar the arm was run at a low
speed (about 6 m/sec) to define the free-strean temperature.
The arm speed was then increased in steps up to the maximum
desired, during which time the temperature rises of the
two thermistors were recorded on the two channels of the
recorder. The temperature rise for use in the calculation
of the recovery factor was taken aS the difference between
that of the test thermistor and that of the reference ther-
mistor. The arm speed was derived from the speed control-
ler settings which in turn were calibrated at different
pressures with a General Radio "Strobotac". The calibrat-
ion of the latter was determined from the 60 cycle mains
frequency by an internal calibration circuit. An allow-
ance for "drive" of the air at high pressures was made in
determining the effective airspeeds, as described in
Chapter 8.
- The recovery factor was calculated from the Mach num-
ber and the temperature rise by using equations (9.1.1)
and (9.1.2).
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9.3 Results
(a) Rise of Reference Temperature
When the arm was operated at high speed the air.in its
vicinity became heated. This was indicated by the reference
thermistor. At very low pressures the rise was very small,
for example at 4 x 10-2 mm mercury the reference temperature
rise was about 3% of that of the test thermistor. At a pres-
sure of about 0.25 mm mercury the heating increased quite
sharply to 15-20A of the test thermistor's rise, and at high-
er pressures this percentage gradually increased so that at
sea level pressure the reference temperature rtse was 30;35/
of the test thermistor' S.
Although it was not difficult to deduce the net temper-
ature rise with adequate accuracy from the recording of the
.two thermistors there was some uncertainty concerning the
representativeness of the reference temperature, since ob-
servation was only at one point. In his 1958 report Dev-
ienne described detailed measurements of the temperature
distribution near his rotating arm. These showed that at
moderate and high pressures, when the heating was appreci-
able, temperature gradients near the arm were small. It
would appear therfore that the reference temperature rise
as measured should have been a reasonable estimate of the
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mean conditions around the path of the moving thermistor.
(b) Recovery Factors
Fig.61 shows a typical plot of the net temperature rise
vs airspeed using logarithmic scales, for a bead thermistor
at several pressures. The points are seen to be reasonably
well on straight lines with slope 2 as indicated by (9.1.1).
Fig.62 shows recovery factors as a function of pressure
for a number of thermistors. These points ,ere all computed
from tests at Mach numbers between 0.18 and 0.29 . At pres-
sures greater than 10 mm mercury the measured values were
fairly constant with pressure and lay between about 0.70 and
0.76 . These results were somewhat- lower than the values
near 0.9 assumed for these pressures by some authors (eg.
Barr (1961), Wagner (1963)) in evaluating the aerodynamic
heating correction for rocketsonde thermistors. However
reference to the original papers showed that. the latter had
based their estimates on measurements taken in supersonic
flow, with Aach numbers between 2 and 4. Moffat (1962)
has summarized results of measurements of the recovery fact-
ors of butt-welded cylindrical thermocouples of various dia-
meters at sea level pressures and subsonic Mach numbers.
When the wires were normal to the air flow the measured
values of r were near 0.68 with about 10% variation.
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For wires parallel to the flow r = 0.86 ± 0.09. Hottel
and Kalitinsky (1945) reported similar values for, fine wire
thermocouples. These authors also made tests on a thermo-
couple consisting of 0.010 inch-diameter wires whPse junct-.
ion was encased in a 0.07 inch diameter solder ball. With
the airstream parallel to the wire r was about 0.78 and
for flow normal to the wire r was about 0.73.
At pressures below 7 mm mercury the measured recovery
factorE shown in Fig.62 increased with decreasing pressure
and in most cases exceeded unity below 1 mm-mercury. How-
ever all of the values fall short of the limiting values
of 1.55 for spheres and 1.75 for cylinders normal to
the flow as calculated by ,ppenheim for free-molecule flow
at low Mach numbers. Since at a pressure of 0.1 mm merc-
ury the Knudsen number is =2 for the thermistor beads
and l20 for the lead wires one would have expected the
latter results to be approached more closely at this pres-
sure. One reason for the discrepancy was undoubtably the
effect of heat lost by radiation to the chamber walls at
low pressures. For an uncoated bead the rate of heat lost
by radiation per unit temperature difference equals that
lost by convection at about 0.07 mm mercury, and a rough
computation would indicate that a 10% error in r would
. result at about 0.3 mm mercury. For an aluminized ther-
mistor the error would be 10' at about 0.09 mm mercury.
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Since all the pertinent conditions were not known with suf-
ficient accuracy it was not thought desireable to attempt
to correct the results for radiation. Consequently care
should be taken in using the results at pressures below
about 0.3 mm mercury.
(c) Centrifugal Forces
It is'perhaps appropriate here to mention the centrif-
ugal accelera-tions which the thermistors withstood in the
course of these tests.
Both the 10 mil and the 5 mil thermistors were run at
speeds exceeding 100 m sec~1 for considerable periods with-
out any failures. The corresponding acceleration is given
by V2/r = 1002/0.152 = 6.6 x 10 sec- 2
= 6.7 x 103 G.
The 15 mil thermistors withstood this loading only for- short
periods and there were two failures at speeds corresponding
to about 6 x 103 G. No failures were suffered in prolonged
periods of operation at speeds corresponding to 4-5000 G
accelerations.
On the other hand, several failures occurred with thin-
istors when speeds producing accelerations greater than
about 200 G were attempted.
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CHAPTER 10
THE INFLUENCE OF.THE AMBIENT TEMPERATURE ON THE
HEAT TRANSFER
10.1 Introduction
All of the tests described in the previous chapters were
carried out at room temperature - generally between 220C and
250C. In an actual sounding, temperatures as low-as -800C
may be encountered and it is necessary to know what, if any,
modifications must be made to the results to make them valid
under these conditions.
These modifications may be directly related to the effect
of the temperature on the heat transfer coefficients hT and
h . Fortunately the latter are not especially sensitive tow
temperature and this fact, together with the fact that we are
only dealing with errors which do not require to be evaluated
to a particularly high level of accuracy, allows us to use
substantial simplifications.
10.2 Theoretical and Empirical Considerations
The heat transfer coefficients are usually expressed by
theoretical or empirical relations of the form
Nu = f(Re,Pr,1a)
where the Nusselt number
assumption that
Nu -C Re.Prb .c
where in turn Re #C T ,
N~u hD
a
Pr 
-C T,
We shall make the
Ma .c Tr
Under this circumstance h can be expressed as
Th h0 T0
where h is the value of h at room temperature
obtain a suitable value for the exponent w we shall concid-
er a number of examples for which theoretical or semi-empiri-
cal relations are available.
(a) Conduction from a sphere into a stagnant medium
Nu = 2
2ka
Di.e.
The -kinetic-theory expression for ka is
T3 /2 _
T + 245 x 10~2T
from which, approximately, and hence
h *C T-T
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T 
.
To
ka = A.
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(b) Cylinder and sphere in free-molecule flow
Using a theoretical formula given by Stalder et al (1951)
for long cylinders,
Nu = 0.03365 -t g(s)/Kn
where Kn is the Knudsen number, o the accomodation coef-
ficient and g(s) a function of the Mach number. Between
Ma = 0 and Ma = 0.5,
noting that Kn
imately Nu 4 ReM~a
g(s) varies only 8.5%, and on
(W) IMa = 1.482 Re Re
N~ow R= vD
theory B.TI(T + 110)~.
we can write Re .C T~1 T 4 = T
we .see that approx-
and from kinetic
Thus to a first approximation
t. Hence
Nu aC T. . T1 = T~
h ac T~ 1 -T T~1.and
A similar result holds for spheres.
(c) Cylinders in slip-flow
Collis and Williams (1959) quote an empirical formula
of the type
Nu = A + B.Rem where m '= 0.5 .
h =A.kg + .ka Rem
The first term on the RHS varies as TI and the second as T~i.
Then
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In any particular instance the heat transfer from a
rocketsonde thermistor in the upper atmosphere is somewhere
between these idealized cases. It will be seen that there
are compensating effects in action on the heat transfer and
that the correct exponent w lies somewhere between -i and-
+i.. For the present purpose it will be adequate to take
w = 0. The expected temperature range is approximately
2000K to 300 0, and it is therefore very unlikely that the
error introduced by this assumption would exceed 1 -
which equals 20a.
10.3 Experimental Verification
A commercial environmental chamber was available in the
laboratory. This chamber was intended only for simulation
of- conditions encountered in conventional radiosonde sound-
ings, but by using a larger vacuum pump, pressures as low
as 1-2 mm mercury were obtainable.
-Using this chamber, the still air time constant of a
Gulton X2047 thermistor number G-1 was measured at different
temperatures at atmosphieric pressure and at 2.5 mm mercury.
Measurements of the dissipation rate K would have perhaps
been more appropriate, but it was not possible to keep the
temperatures sufficiently steady to carry out these measure-
ments to the desired accuracy. The time constant is,
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however, very nearly inversely proportional to K.
The results are given below in Table 8. It is seen
that there is no' significant variation of T with tempera-
ture at the two pressures.
TABLE 8. Measured Time Constant of G-1 at Different
Temperatures.
Pressure 2.5 mm Atmos.
-400 C 1.34 sec 1.22 sec
-130C 1.40 sec 1.24 sec
+23%C 1.39 sec 1.23 sec
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CHAPTER 11.
THE ERRORS OF THERAISTORS IN ACTUAL SOUNDIAGS
11.1 Introduction
The tests described in the previous chapters were made
under experimental conditions which only approximate those
encountered in an actual sounding, and in general only one
source of error was studied at a time. In this -chapter
these results will be extended and combined to illustrate
the behaviour of thermistors under actual conditions.
With so many parameters involved there are an almost
unlimited number of possibilities which could be described.
For this reason only a few idealized cases will be selected,
and these should principally be regarded as illustrative of
the method of using the work in the previous chapters. At
the same time it is hoped that the examples given will show
the order of the errors involved in typical soundings, and
their range of variability.
11.2 Solar Radiation Error
(a) Effect of Lead Wire Orientation
It was shown in section (3.6 (e)) that in evaluating the
error due to direct solar radiation the contribution of the
203
lead wires may be taken proportional to sin( where c. is
the angle between the lead wires and the solar beam. In a
sounding, due to parachute swing, this angle will be con-
stantly changing. An' adequate mean value for sin. may be
obtained by assuming horizontal leads with a random azimuth
angle with respect to the sun. Then
Coset = cos# cos h
where h is the solar elevation angle. Hence
sine( = 1 cos 2
and the mean value of sin.( is given by an eliptical integral
of the second kind:
sin< = 2f cos2cfCos2h d (11.2.1)
Table 9 gives values of sin e for various solar altitudes.
TABLE 9. sine< vs Solar Elevation Angle h.
h
sin
0
.64
15
.68
30
.77
45
.86
60
.93
75
.98
Although the thermistor beads show appreciable
ures from spherical any allowance for the variation
90
1.0
depart-
of the
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radiation intercepted with orientation would seem to be an
unnecessary and unrealistic refinement.
(b) Reflected and Scattered Radiation from Below the
Thermistor
In many cases the thermistors will be exposed above
cloud layers or above highly reflecting terrain such as
desert sands. If a is the mean albedo of the cloud
cover or terrain, then, assuming diffuse reflection, the
upward flux of radiation through a horizontal surface is
given by aJ sin h . Let A'T be the cross-sectional area
of the thermistor bead. Then the energy absorbed by the
almost-spherical bead is, from geometrical considerations,
a Jsin h x 2 eSTA'T (11.2.2)
Similarly the energy absorbed per unit length of cylindrical
lead wire is given by
aJ sin h x x 2 6,wr (11.2.3)
These quantities will be substantially independent of the
orientation of the lead wires.
(c) Computations of the Radiation Error
In this section the radiation error will be computed
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on the assumption that all other sources of error have been
eliminated. Specifically, the lead lengths will be assumed
long enough to eliminate any modification due to conduction
of heat from the support posts. In this case a modified
form of equation (3.1.9) holds, in which allowance is made
for the effects discussed in (a) and (b) above.
4 G J in- +9 asin h) + J G A' (1 + 2a sinh)
sa2  2 cLsT T
AThT + 2ka p
(11.2.4)
Fig.63 shows the solar radiation error computed in this
way for thermistors of 5, 10 and 15 mils nominal diameter.
A solar elevation angle of 400 was assumed, and an albedo
of 0.30. The solar absorptivities % and 6 were
-each set equal to 0.15, which is very nearly the mean value
measured for aluminized thermistors whose surfaces were in
good visual condition (see section 3.6(c)). The areas of
the thermistor beads were taken as the mean of the measured
areas for the nominal size concerned, from Table 2. The
heat-transfer coefficients were taken from the measured
values shown in Figs.34 and 35.
In considering Fig.63 it should be kept in mind that
a variability of t50% was noted among E, and 6 even
for apparently well-coated thermistors, and that some with
1962 Pressure Alt, km.
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faulty coatings recorded values four or five times greater
than the ones assumed here.
Fig.64 shows the computation for the 10 mil coated therm-
istor repeated for albedos of 0, 0.5 and 1.0, other condit-
ions being the same. The contribution of reflected radiation
may be very substantial, particularly over cloud cover where
albedos of 0.75 and greater have been frequently recorded
(Conover, 1965).
In a rocket sounding tnere will be times when the therm-
istor is shaded by the swinging parachute. Oscillations in
the temperature record due to this are comion and it is some-
times suggested (Thiele, 1966) that the amplitude of these may
be used to determine the radiation error. It is seen from
the above, however, that there may still be a -substantial
steady contribution from reflected radiation.
It should be pointed out here that the experimental
curves obtained in section (3.6(b)) are nearly proportional to
the temperature error expected in the atmosphere under still-
air conditions for altitudes up to about 65 km. It will be
seen from the above discussions that, the solar radiation error
up to this altitude may be estimated by multiplying by a
factor of . (1 + 1.8 asinh) to allow for reflected radiation.
40 60
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11.3 Measuring Current Error
Fig.65(a) shows the power dissipated in the Arcasonde
thermistor as a function of resistance. This curve was
supplied to the author by ,r.P.J. Harney of the Aerospace
Instrumentation Laboratory, AFCRL. The resulting temper-
ature error for 10 'nil thermiCtors of 10,000 ohm and 50,000
ohm nominal resistance are shown in Fig.65(b). These were
computed from the measured dissipation rate on the assump-
tion that the thermistor temperature was near that of the
U.S. Standard Atmosphere at each altitude -level. The as-
sumption -may be quite erroneous near the top of the sound-
ing, as mentioned in Chapter 4, nevertheless it is seen
that with this particular instrumentation the errors in
temperature must be very small. In earlier rocketsondes
this was not the case.
11.4 Conduction Error
It is not possible to give an explicit value for the
error due to conduction at a given altitude without knowing
the temperature of the mounting posts. For this reason it
is more convenient to discuss the ratio of this conduction
error, e20, to the difference 8 between the mounting
post and air temperatures. The term conduction error is
in fact often applied to this ratio, rather than to the
210
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actual temperature error. An expression for 8- has.been
derived in section 5.2.
In a given type of sounding system it would normally be
possible to know the value of 0 within certain limits (eg.
150oC), perhaps from the results of tests in which 8 was
specifically measured, and from this estimate deduce an
approximate value for e20 '
Fig.66(a) shows the percentage conduction error as a
function of altitude and lead length for small bead therm-
istors using 1.0 and 0.7 mil platinum-iridium leads. These
curves uere derived from the measured heat-transfer coeffic-
ients given in Fig.34, and from the computations given in
Figs.39 and 40. Bearing in mind that a typical value of
0 might be 1000C we see for example that a 60 C'error might
be expected at 60 km, with 1 mil leads each 1 cm long. In
this case, if 6 was known to the nearest 50 C the error
would be known to 3 0C. It is seen that greatly increased
reduction of error is obtained by using longer lead wires
and/or a smaller diameter.
Fig.66(b) shows the same material as Fig.66(a) present-
ed in a way more convenient for design purposes. This fig-
ure shows that for useful values of the conduction error the
lead length required becomes rather long above about 70 km
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and an alternative approach such as the "foil" mount would
seem desireable for use in this region.
11.5 Long-Wave Radiation Error
An expression for the long-wave radiation error was
presented in section 6.2. We shall consider for illustra-
tion purposes the case where the lead length is long enough
so that the error is not modified by conduction to the sup-
ports. Then the error can be written as
41tr 6 |p +6 Aw 6 =Q.AT T(11.5.1)
2 L hTAT + 2ka p
where as before,
4 1-21( 4 4 T 4
IT +Teb 
- ea + p
The quantity is the ratio of solid angle subtended by
the instrument package at the thermistor to 4 . If the
frornt of the rocketsonde is circular we can write
Y = (1 - cosO()
where o( is the semi-angle subtended.
Fig.67 shows (11.5.1) evaluated as a function of al-
titude.for a 10 mil bead thermistor. In this hypothetical
.
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example the air temperature was assumed to be that of the
U.S. Standard Atmosphere, 1962, and the effective black-body
temperature of the environment below the sensor was assumed.
to be 244 0K. The contribution from Tea can be neglected
at the altitudes shown. The instrument package was assumed,
for illustration, to have a constant temperature of 3000K
and to radiate as a black-body. The value of G chosen
was consistent with the measured results for aluminized ther-
mistors whose surfaces were in good visual condition.
The computations show that with aluminized thermistors
the temperature errors are quite small below 70 km. The
results depend to some extent on the value of Teb chosen,
and variations would also be expected in an actual sounding
due to departures of the air temperature from the standard
atmosphere values. It is readily verified from (11.5.1),
however, that the change in error for a departure of 200C
in either quantity from the reference conditions is less
than 10C at 70 km and considerably less at lower altitudes.
The influence of the radiation received from the instru-
ment package is significant above 65 km particularly for
(> 400. To a large extent the actual value of T is
unknown, so it is best to minimize its influence by mak-
ing o4 as small as possible.
The computations for the uncoated bead show that the
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errors are considerably increased. If, in addition, the
emissivity of the lead wires were greater than 0.1 the
errors would be increased even more. In the limiting case
1 the errbr would be approximately ten times
the ones shown in the computations for = 0.1.
11.6 Aerodynamic Heating
The fall velocity of a rocketsonde at a given altitude
depends on a large number of factors so that in general the
aerodynamic heating error will vary considerably with type
of equipment and techniques used for the sounding. To il-
lustrate the typical errors involved in a sounding, comp-
utations have been made using the Arcasonde fall velocities
given in Wagner's 1963 report. The recovery factors were
taken from the mean results of Chapter 9 Fig.62, extrapol-
ated above 63 km.
The errors are very lar6 e, particularly at high alt-
itude. For example at 65 km the computed aerodynamic heat-
ing is 17.7 0 C, compared with 60 C for the solar radiation
error of an aluminized 10 mil thermistor. A correction
can, of course, be applied for this error. Because it
depends on the square of the velocity it is highly desire-
able that this correction be based on the actual measured
fall rate of the particular sounding rather than an assumed
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mean rate.
At very high altitudes there-may be a considerable
horizontal component of the rocketsonde velocity, because
the rockets are not normally launched exactly vertically,
and it takes a certain amount of time before the parachute
becomes fully wind-sensitive. The contribution of this
component must also be taken into account when assessing
the correction for aerodynamic heating. Ballard(1966)
gives some measured values for the horizontal component
of velocity on a typical Arcasonde flight. These indic-
ate, for example, a horizontal component of 300 m/sec
at 70 km although in a particular case there would be
considerable variation with the angle of launch. Taking
this component into account at 70 km would increase the
correction in the above example from 3200 to 880C.
To apply such a correction routinely one would need
to make use of the relevant radar data. However a major
obstacle arises in that winds at the altitude concerned
may be very strong, speeds well in excess of 100 m/sec
being common (Craig (1965) p.81). Since the speed re-
quired is that relative to the air, the uncertainty of
the correction would be very great above altitudes where
the parachute was known to be wind-sensitive.
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11.7 Lag Error
The computed lag errors for hypothetical soundings in
which the fall speed was that given for the Arcaeonde by
Wagner (1963) and in which the thermistor was assumed to be
1000C warmer than the arbient air at 70 km are shown in
Fig.69. All other sources of error were neglected and the
air temperature in this example was assumed to be that given
by the U.S. Standard Atmosphere, 1962, The time constants
used in the computations were the measured ones for three
thermistors of 5, 10 and 15 mil nominal size.
As the rocketsonde falls, the initial temperature dif-
ference decreases quite rapidly and the thermistor tempera-
ture "roundS out" to a quasi-steady value which depends on
the fall speed, lapse rate, and time constant i.t the alt-
itude in question. From 70 km about 4.5 km altitude is lost
by the 15 mil thermistor before "rounding out". The heights
lost by the 10 and 5 mil thermistors under the same condit-
ions are 3.5 km and 1.6 km respectively. The errors are
small for all three thermistors below 55 km, although it
must be remembered that these computations do not take into
account any departures from the standard lapse rates which
may occur in -practice. Bearing this in mind it is seen that
the 5 mil thermistor shows a worthwhile improvement over the
larger .types.
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11.8 Sample Computations of Combined Temperature Errors
As a final illustration-of rocketsonde thermistor errors
two examples are given below of the combined errors resulting
from soundings under certain assumed conditions. It should
be noted that because the heat transfer processes interact
somewhat the errors are not merely the algebraic sum of the
component errors discussed above. For example the presence
of conduction error modifies the radiation, lag and measur-,
ing current errors.
In carrying out the computations the.complete formulae,
which take into account the lead wire length and support
post temperature were used, with -the ambient air tempera-
ture T in each case replaced by the appropriate recovery
temperature Tr = T + 0.2 r TM2
The first example, given in Table 10, is essentially
a recomputation of the temperature corrections given by Wag-
ner (1963). This is of interest because these corrections
have been applied in operational use, see Ballard (1965).
The assumptions regarding support post temperature, initial
altitude of 80 km, fall velocity, thermistor reflectivity
and emissivity, ambient air temperature etc. remain the
same as in Wagner's paper, but the formulae given in preced-
ing chapters, which take into account the effects of radiat-
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ion and convection on the lead wires have been used, together
with the measured heat transfer coefficients, dissipation
rates and time constants for 10 mil bead thermistors.
TABLE 10. Temperature Errors of 10 mil Krylon-coated
Thermistor Using 0.6 cm Lead Length.
Alt
km
65
60
55
50
45
40
35
Aero
0C
17.7
8.7
4.7
2.2
1.0
0.4
0.2
Cond
0C
14.8
5.9
1.7
0.5
0.3
0.1
0.1
L/W Rad
0C
-5.6
-2.7
-2.3
-1.8
-1.1
-0.6
-0.3
S/W Rad
0C
3.6
2.2
1.4
0.9
0.6
0.5
0.4
Ieas
0 C
4.5
3.1
2.1
1.6
1.4
1.0
0.7
Lag
oc
-1.4
-0.6
-0.2
0
+0.1
0
0
Total
0C
33.6
16.6
7.4
3.4
2.3
1.4
1.1
Wagner
0C
33.5
19.0
7.5
5.0
4.5
3.5
The results for the net error are ve
given by Wagner at the highest altitudes,
ry similar to those
although there is
probably some redistribution of the component errors. The
aerodynamic heating is practically the same, as the same
fall velocity was.assumed in each case. At 65 km the cond-
uction error is nearly 40, with the very short lead lengths
used, so that the temperature error is very dependent on the
assumed support post temperature. In an actual sounding
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this might differ from Wagner's assumption by as much as
500C at this altitude, with a corresponding change of
nearly 200C in the net error.
At lower altitudes the conduction'error is reduced
considerably by convection of heat directly from the lead
wires, and this probably accounts for the fact that the
net errors are smaller than those given by Wagner.
The second example, given in Table 11, shows the
same computations carried out for an aluminized 5 mil bead
thermistor with 0.7 mil platinum-iridium lead wires each
1.5 cm long. It was assumed that 6 = gsT = 0.15,
that e = 64T = 0.1, and that, (as in example 1),
the albedo was 0.30 and the solar elevation angle 400.
A measuring circuit similar to that used in the later model
Arcasonde was assumed (see section 11.3) which would pro-
duce a much smaller self-heating error in'the thermistor
than that assumed in the first example.
The total error, is greatly reduced, mainly as a re-
sult of a very much smaller conduction error. An estim-
ation of the probable variability of the total error has
been included. This was based on a variability of i15%
for aerodynamic heating if derived from actual fall veloc-
ity, (this would be greatly exceeded above 65 km due to
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the possibility of horizontal velocity components as dis-
cussed above), and a variability of 15000 in support
post temperature, ±0.50 C for the long-wave radiation
error and
TABLE 11.
Alt
km
65
60
55
50
45
40
35
30
25
20
Aero
0C
17.7
8.7
4.7
2.2
1.0
0.4
0.2
0.1
0
0
150% for solar radiation and other errors.,
Temperature Errors of 5 mil Aluminized
Thermistor Using 1.5 cm Lead Length.
Cond
0C
0.9
0.2
0
0
0
0
0
0
0
0
L/W Rad
0 C
-0.7
-0.5
-0.4
-0.3
-0.2
-0.1
-0.1
0
0
0
S/W Rad
0C0
5.4
2.9
1.6
1.0
0.7
0.5
0.4
0.3
0.3
0.2
Meas
0C
0.5
0.4
0.4
0.3
0.2
0.1
0
0
0
0
Lag
0C
-0.6
-0.2
-0.1
0
0
0
0
0
0
0
Total
0C
23.2
11.5
6.2
3.2
1.7
0.9
0.5
0.4
0.3
0.2
4.0
2.0
1.1
0.6
0.5
0.3
0.2
0.2
0.1
0.1
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CHAPTER 12
COJCLUSIONS
12.1 Discussion of Results
The results presented in the preceding chapters provide
a basis for the assessment of the errors of miniature bead
thermistors under a rather wide range of applications. In
discussing these errors we should bear in mind the meteorolog-
ical requirements. In the majority of cases, because of
the variability of the atmosphere, it is unrealistic to at-
tempt to measure the air temperature at a given time to-bet-
ter than a certain degree of accuracy. On the other hand,
for climatological and statistical studies it is very desire-
able that the errors average out in the mean of.a large num-
ber of measurements. Thus there are two criteria for the
allowable errors, one for the random component and the
other for the systematic errorse, with the latter in general
more stringent. The errors discussed in this work have
mostly been of the systematic type, and one of the main
purposes of the study has been to provide experimental data
for their assessment and correction.
One of the major sources of error is the ,temperature
rise caused by direct and reflected solar radiation. This
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is usually minimized by the use of reflective coatings on
the thermistor beads. The results of this work show that
at very high altitude the radiation absorbed by the lead
wires is equally as important as that absorbed by the bead,
and that at least at much attention should be paid to the
reflectivity of the lead wire surface as to that of the
bead itself. The reflectivity of thermistor lead wires
and of reflective aluminum coatings on the beads has been
shown to be lower in general than that usually associated
with highly polished surfaces of the same metals prepared
under ideal conditions, and this has been related to sur-
face imperfections visible under a microscope. In many
instances thermistors had lar6e imperfections some of which
would have resulted in temperature errors of up to five
times those of the better types.
It will be noted from the results that in spite of
these effects the radiation error of miniature aluminized
thermistors is very small at low altitudes, especially if
allowance is made for the effect of any ventilation speed.
Because of its superior heat-transfer characteristics at
low altitude the errors are appreciably smaller for the 5
mil thermistor than for the 10 and 15 mil thermistors,
provided the reflectivities are comparable. However it
has not been verified whether or not equally good reflect-
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ivities can in fact be obtained on the smaller thermistors.
All of the thermistor errors studied increased rapidly
above 55-60 km to the point where, above about 70 km,
the uncertainty of any corrections would become quite un-
acceptable. It is felt that with certain precautions good
results should be obtainable with rocketsonde thermistors
up to'about 65 km with the present equipment. These pre-
cautions would have to include proper mounting of the therm-
istors to minimize conduction errors, use of observed vel-
ocities in the calculation of the aerodynamic heating corr-
ection, and some form of quality control in the production
of reflective coatings. In the past, not all of these
requirements have been met.
Most of the discussion in this work has been with res-
pect to thermistors mounted between mounting posts of rel-
atively high thermal capacity. This mounting configuration
has the advantage that the behaviour of the thermistor in an
actual sounding can be confidently predicted from simple
laboratory tests ; it is a simple system whose behaviour is
readily represented mathematically and whose characteristics
can now be considered to be fairly well known. Earlier
users of this type of mounting have used rather short lead
lengths with a resulting high conduction error, but by us-
ing longer leads the error can be made very small.
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The "thin film" or "ffoil" mounts now being used for
rocketsonde thermistors have probably eliminated the conduct-
ion error, at least up to 65 km, but only at the expense
of increased complexity. It is more difficult to- carry out
~laboratory tests, and difficult to relate the results to act-
ual soundings. For example, the radiation error would de-
pend on the orientation of the foil with respect to the direct
and reflected radiation, and the aerodynamic heating would
probably depend on the orientation of the foil with respect
to the airflow. Oppenheim (1953) shows that in free molecule
flow the recovery factor for a flat plate varies by a factor
of nearly 2 between flow parallel to and flow normal to the
plate. Due to parachute swing at high altitude the orient-
ation would not be known at a given time.
In spite of the above difficulties it should be possible
to use the results of this work to a considerable extent in
studying the characteristics of the foil-mounted thermistors,
for the correction equations derived above are valid if the
temperature of the supports is interpreted as the temperature
of the foil where the thermistor lead wires are joined on.
12.2 Thermal Boundary Layer Effects
In all of the results discussed above it has been assumed
that the thermistor was exposed to air undisturbed by the
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mountings or the instrument package itself. Much has been
written on *this subject for the case of temperature measure-
ments fron floating balloons (Ney.1961, W.C. Wagner 1965),
but in the case of rocket soundings.it is usually assumed
that if the thermistor is situated at the forward (lower)
end of the dropsonde, the relative motion through the air
will ensure no errors from this' source (C/F Pearson 1964).
In rarefied gas flow the boundary layers are very thick,
as a result of the high value of the kinematic viscosity,
and it is not clear exactly how far from the dropsonde the
thermistor must be to be in undisturbed air at a given fall
speed. In the Delta 1 temperature sonde used with the
Arcas rockets the thermistor is less than an inch away from
a 2j inch diameter base plate which would normally be at a
much higher temperature than the air, and a question arises
as to whether or not the clearance is really enough.
The thermal boundary layers of parts of the thermistor
mount which may not be at air temperature must also be con-
sidered. Clark and McCoy (1962) have described temperature
oscillations in the early Dartsonde found to be due to flow
of air from the rather thick mounting posts over the therm-
istor at certain angles of parachute swing. This subject
requires further investigation, but it is clear that unnec-
essarily thick mounting posta should be avoided.
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12.3- Recommendations for Future Work
It would seem that there is some scope for the improve-
ment of the reflective coatings applied to rocketsonde ther-
mistors. The effort should to a large -extent be directed
towards the attainment of more uniform reflectivities among
thermistors rather than the production of a more highly
reflective type of coating, so that any corrections applied
for the radiation error can be relied upon. There is a pos-
sibility that a marked increase in the reflectivity due to
the achievement of a higher quality metallic coating may be
nullified by a drop in the thermal accommodation coefficient
and hence poorer heat transfer characteristics at very high
altitudes. Hartnett (1961) and Devienne (1965) point out
that the variation of the accommodation coefficient with the
nature and cleanliness of the surface is greater than prev-
iously supposed, and that lower values generally accompany
uncontaminated surfaces.
For further tests of the reflectivities of thermistors
it is recommended that a radiation source having more nearly
the spectral content of solar radiation be used.* This would
enable valid tests. to be made on other than metallic coatings;
for example white "Krylon" coated thermistors have been used
extensively in rocketsonde work. As a stage one improvement
a quartz-iodine lamp could be used, but ultimately a Mercury-
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Xenon arc lamp would be preferred.
In view of the importance of aerodynamic heating errors,
further study should'be made of thermistor recovery factors.
If the rotating arm method is used, more attention should
be given to the measurement of the 'reference temperature dis-
tribution inside the bell jar, and to the radiation environ-
ment of the thermistors during the tests. By using coated
thermistors exclusively and applying a radiation correction
the results may be extended to lower pressures than were
possible in the present work.
Except for the problem of reflective coatings, the
behaviour of thermistors themselves is now probably suffic-
iently well understood. Further experimental work is nec-
essary, however, for the study of the particular types of
mounting systems now being used by members of the Aeteoro-
logical Rocket £4etwork, to see what modifying effects these
have on thermistor response. Since the behaviour of post-
mounted bead thermistors with suitably long lead lengths
can be confidently predicted from the results of simple lab-
oratory tests of the type described in this work, --it would
be very instructive to carry out comparative soundings be-
tween a well designed mount of this type and some of these
other systems.
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APPEiiDIX 1
ADDlTIOiiAiL ASUREENTS OF THE RESPOiRSE
OF THERAI.S.TORS TO RADIATION
The following are additional measurements of the type
described in section 3.6(b). The results have in all cases
been corrected to obtain the temperature rise expected for a
radiation intensity of 2.0 cal cm-2 min~. As pointed out
in section 11.2(c) an estimate of the radiation error in an
actual sounding may be obtained from these results by mult-
iplying by a factor (1 + 1.8a sin h) to allow for reflect-
ed radiation. This procedure is valid down to pressures
of about 0.08 mm mercury (65 km) beyond which point the
particular mounting and environmental conditions used for
the tests become important.
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APP~iDIX 2
ADDlTIONAL- MEASUIREMENTS OF THE TIME CONSTAATS ADM
DISSIPATIOU RATES OF THERlSTORS
The following are additional measurements of the time
constant and dissipation rates of thermistors. The time
constants were measured from observation of the cooling
rate after removal of an electrical heating current, as
described in Chapter 7, and the dissipation rates were
measured as described in Chapter 4.
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APPEkvDIX 3
TESTS 0N ATLAiTIC RESEARCH CORPORATION "THIIN-FILM" MOUhT
Some tests were carried out on a "Thin-Film" mount sup-
plied by Mr. P. Harney of AFCRL. This mount has been used
extensively on Arcasonde systems and has been described by
Rockney (1965). It consists essentially of two upright
phenolic posts 1 inches long and t inch apart between which
is stretched a 1 mil thick mylar film. On opposite surfaces
of the film are vacuum-deposited two U-shaped silver films
with two legs exactly opposed on each side of the mylar. An
aluminized 10 mil bead thermistor is soldered between the two
opposing films at the bottom centre of the mount, using lead
lengths of between 1 and 2 mm.
The device was mounted over the window in the pump plate
in the position used for the tests on the other thermistors
(Chapter 3), with the mylar film (a) at right angles, and
(b) at an angle of 100 to the radiation beam. Measurements
were made of the response to radiation, the dissipation rate
and the time constant (using both the electrical heating me-
thod and the response to radiation). The copper enclosure
used in the tests of Chapter 3 was of. course omitted.
The results are shown in Figs.A3.1 and A3.2. It will
-01 1 10pressure, mm mercury.
FIG. A3 -1, RESPONSE OF THIN-FILM MOUNTED THERMISTOR
TO RADIATION.
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FIG A3-2. TIME CONSTANT & DISSIPATION RATE, THIN-FILM MOUNTED THERMISTOR.
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be noted that the time constants measured by the two methods
differ considerably. The electrical method does not supply
sufficient power to influence the temperature of the mylar
so only the thermistor response is observed. In practice,
because- of the very short lead lengths, the response of the
thermistor would be heavily influenced by the response of
the mylar foil which is evidently somewhat slower than that
of the thermistor itself.
The measured radiation error of the device was quite
high even at sea level pressure. There was evidence that
in the tests, which were carried out in still air, a layer
of thermally disturbed air was formed around the relatively
large mylar film which also enveloped the thermistor bead.
Thus, even at high pressures the response of the thermistor
to radiation was governed by the response of the mylar. -The-
response was expected to be considerably modified in the
presence of ventilation and a small ventilating fan was in-
stalled in the chamber, directed towards the thermistor.
At sea-level pressure the radiation error dropped to a value
consistent with that of an aluminized thermistor,. but this
change was not observed at lower pressures probably as a
result of the fan being ineffective. However it should be
noted that at sufficiently low pressures the effect of con-
duction through the short lead wires would cause the bead to
'e
246
sense the mylar rather than the air temperature regardless
of ventilation.
Ifflw now
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APPENDIX 4
liUMIERICAL STUDY OF THE DYAAMIC RESPONSE OF THERiISTORS
It was pointed out in section 7.2 that the response of
a thermistor to a sudden change in electrical or radiational
heating was not exactly equivalent to its response to a sud-
den change in air temperature. This is because conduction
of heat into or out of the bead through the lead wires is a
considerable item in the heat budget of the bead,. and the
initial and final temperature distributions in the lead wires
are quite different in each case. To gain some quantitative
idea of the errors involved in using the electrical methods
of Chapter 7 to measure thermistor time constants rather than
using actual step changes in air temperature some computat-
ions were made of the theoretical response of thermistors.
under the respective conditions.
Consider a section of lead wire of radius' r conduct-
ivity k, and length Ex. Then the heat flow into the
section by conduction is
2 T W TV
-7r k(--w) + tr 2 k(--
anX f ci +x
and the heat flow by convection is
* I 'Hill /
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27cr hw Ex(T - T )
where Ta and T are the air and wire temperatures respect-
ively. Then if w SW are the density and specific heat
of the lead wire it follows that
. T wk 2T W 2h wk(=Tw + IW(Ta T) (A4.1)
-
w "Wt
Similarly, if the thermistor bead is situated at x =0
the heat gained by conduction is
2ka ( )
W x x=O
and that gained by convection is
hTAT(T a TT) = hTAT(Ta T WO)
where Two is the temperature of the lead wire at x =0,
and the heat gained by the dissipation of electrical power
is Q
If the thermal capacity of the bead is C, we have
T )T~
WO hTAT(Ta Tw0) + 21c r 2 k (W) +
(A4.2)
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humerical solutions for the two linked equations (A4.1)
and (A4.2) were obtained for the following two sets of
boundary conditions, corresponding to the two methods of
measuring the time constant.
Step (a) T = 0, t < 0 ;T = 1, t > 0
(b) Qe = 0 all t
(c) At t = 0, T= 0 all x
(d) At x = 1.0, T =0 all t.
Electric (a) Ta = 0 all t
(b) Qe = 0, t 4 0 ;Q e= 10~4,9 t >0.
(c) At t = 0, Tw= 0 all x
(d) At x = l, T= 0 all t.
The pro6ram was arranged so that after the bead temperature
had approached sufficiently close to a steady value, T or
Q were returned to zero, thus enabling the "cooling" part
of the response to be observed.
The computations were carried out for three model
thermistors - 5 and 10 mil beads having volumes and areas
similar to actual 5 and 10 mil thermistors, and a hypo-
thetical "2 mil" spherical thermistor whose volume was
adjusted so that its basic time constant CT was equal
r pwS w T Tto that of the wire, 2h *. Densities and specific
w
heats were taken from Wright (1961). The assumed physical
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constants were as follows :
Lead Wire
Type
Radius
Conductivity
Density
Specific heat
Platinum-Iridium 1 mi
r = 1.27 x 10~3 cm
k = 0.31 watt 0C~1 cm~-1
= 21.45 gm cm~3
S= 0.130 joule C~1 g
1 diameter.-
-1
Density
Specific heat
Volume
Surface Area
= 3.9 gm cm~
3
0 -l o -1
T = 0.50 joule gm~ C
(a) "5 mil" 0.17 x 10 cm3
(b) "10 mil" 1.50 x 10-5 cm3
(a) "5 mil" 0.75 x 10- 3 cm2
(b) "10 mil" 3.00 x 10~3 cm2
Values of the heat transfer coefficients h and hT
were chosen with the aid of Figs,34 and 35 to represent
conditions at sea level and at 55 km under "still air"
conditions.
Figs.A4-1 and A4-2 show semi-log plots of the therm-
istor temperature TT T for the "cooling" parts ofT WO
the two types of tests. It is seen that the electrical
method results in a more rapid drop in thermistor temperature
Eli ~
Beads
t. seconds.
FIG* A4-1, COMPUTED RESPONSE OF THERMISTORS.
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(and therefore a smaller measured time constant) than dcoe.s
a sudden drop in air temperature, but the differetice is
insignificant for the 10 oil bead and quite small for the
5 mil bead, especially at the lower altitude. For smalIr
thermistors, however the di-erences become appreciable,
and also the effec-ts woulcd appear to be greater at higher
altituAer, It was not possible to extend the computations
+o biesher altitude6 with the comiputatilcu scheae used becajw
of Na sA +me.-ier reguied -6: MaipaAs an adequate mar-
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